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HYDROFORMYLATION OF A MULTI-COMPONENT FEED STREAM 


FIELD OF THE INVENTIO N 

This invention relates to hydroformylation methods for certain multicomponent 
syngas feed streams containing hydrogen, carbon monoxide, C2 to C5 olefins, and C9 to C5 
allcynes. 

BACKGROUND OF THE INVENTION 

There is intensive research worldwide aimed at the utilization of natural gas as a 
petrochemical feed stock. The current use of natural gas is mainly restricted to the 
production of synthesis gas ("syngas", a mixture of carbon monoxide and hydrogen), and 
heat 

It has been long known, however, that methane can be convened to acetylene 
containing synthesis gas mixtures using short contact time acetylene burners. Co-producing 
ethylene or mixing ethylene with these acetylene rich feeds could provide a cheap, natural gas 
based feed stock. However, use of such co-produced feed streams has presented problems in 
certain processes 

Hydroformylation of highly purified olefins and syngas mixtures 10 aldehyde and 
alcohol products is well known (sec B Cornils "Hydroformylation Oxo Synthesis, Roelen 
Reaction" in "New Syntheses with Carbon Monoxide", Ed J Falbc. Springer Verlag Nov. 
York, 1980) When pure alcohol products arc desired, the aldehyde products can be 
hydrogenated 10 the corresponding alcohol derivatives. A particularly useful catalyst has 
been described lor the hydroformylation of pure light olefin feeds as a homogeneous oil 
soluble phosphine modified Rh catalyst (see, e.g., US Patents 3,527.809, 3.917,6(^1 . 
4,I4S,S30) which operates at lower pressures than other homogeneous catalysts, gives high 
normal to iso ratios in the hydrofoimylalion of C3 and higher olefins, and has been proven 10 
be very effective with those pure olefin feeds The use of such an oil soluble homogeneous 
Rh catalyst to hydroformylatc purified ethylene feeds to propanal has been also described by 
Evans et al (J. Chcm. Soc. (A) 19GX, 3 133), as well as Prodi ct al (J Org Chcnv 1968, 34. 
327). There is a great need, however, for a stringent purification of the feed slock, because 
the activity of the catalyst is strongly inhibited by acetylene and other highly unsaturated 
hydrocarbons if they are present as impurities in commercial oxo feeds These components 
must essentially he icmoved kitm- hvihoformyhuion (see H ('01 nils "I lvdinfoiuivlatu*ii 
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Oxo Synthesis, Roclen Reaction" in "New Syntheses with Carbon Monoxide", lid J Falbc, 
Springer Vcrlag: New York, 1980, pp. 64 and 73). 

Highly purified feeds of syngas (mixtures of CO and H2) and olefins are currently 
made in two separate processes. Light olefins are usually made by steam cracking and 
purified by cryogenic distillation and selective hydrogenation to remove even traces of 
acetylenes and dienes. The currently used highly purified olefin feeds contain less than 100 
ppm and typically less than 10 ppm of these impurities. In fact, a large portion of the cost of 
ethylene currently produced for hydroformylation by steam cracking is associated with its 
purification. The syngas component can be made from a hydrocarbon, such as methane or a 
crude distillate, and oxygen in a partial oxidation (POX) reactor run in a mode that produces 
essentially no dienes or acetylenes. Even though the syngas made in the POX reactor 
contains only trace amounts of acetylenes and dienes it is also carefully further purified 
before being blended with the purified olefin feed. 

Hydroformylation of pure acetylenes and of pure dienes with Co or Rh catalysts is 
also known (sec: US Patent 5,312,996, 1994; P. W N M. Van Leeuwen and C. F 
Roobeek J Mol. Catal. 19S5, US Patent 4,507,50s, I9S5; 31, 345, B. Fell, H. Bahrmann J. 
Moi. Catal. 1977, 2. 21 1; B. Fell, M Beutler Erdbl und Kohle - Erdgas - Petrochem. 1976, 
29 (4), 149, US Patent 3,947,503, 1976; B. Fell, W Boll Chem. Zeit. 1975, 99(11).452; M 
Orchin, W Rupilius Catal Rev. 1972, 6(1). 85, B. Fell, M Beutler Tetrahedron Letters 
1972, No. 33. 3455, C K Brown and G Wilkinson J Chem Soc (A) 1970, 2753; B Fell. 
W. Rupilius Tetrahedron Letters 1969, No. 32. 2721, 1 : II Jardine ci al Chem and Ind 
1965.500.11 Greenfield el al J. Org Chem. 1957. 22, 5 52. H Adkins and .1 L R Williams 
J. Org Chem 1052, 71. 9X0) The hydroformylation of these highly unsaturated compounds 
with cobalt catalysts is slow even at high temperatures ami pressures ( 145 - 175 U C, 2n . 30 
MPa) Furthermore, the reaction often yields side products and results in runaway reactions 
with sudden temperature and pressure surges The hydroformylation of olefins is severely 
inhibited by acetylenes since these compounds form very stable adducts with cobalt carbonvl 
SloichiomctMc amounts of acetylenes can elVectively transform the cobalt catalvst into these 
calalytically inactive acetylenic adducts (11 Greenfield el .•; J Oig Chem l 4 )57, 22. >A2) 
With conventional Rh catalysis the reported reaction conditions and reaction rates are far 
from being practical for any commercial use. Fell lypicallv used 17-23 MPa pressures usinu 
PPlvj/Rh catalyst, yet high conversions required 2 to 5 hour reaction times Wilkinson 
achieved high conversion in the hvdroformylation of hexyne-1 at A S MPa pressure but only 
with a reaction lime of 12 hums Van Leeuwen and Roobeek applied conditions of 1 2 MPa. 
■'5 - I2u «»<". ;nui P/Kh latins of I" 01 below in the h\ diojui mvlation of hnladiene bul 
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observed low activities (orders of magnitude below that for olefins). In US Patent 3,947,503 
a two stage process is described to hydroformylate 1,3-butadiene. In the first stage PPh3/Rh 
catalyst is used in the presence of alcohols or diols to make the acetals of the unsaturated C5- 
aldehyde. In the second stage this intermediate is hydroformylated using Co catalysts. The 
process disclosed in US Patent 4,507,508 also claims the conversion of conjugated dienes 
with organic acid or ester promoted P/Rh catalyst in the presence of alcohols. US Patent 
5,312,996 describes a polyphosphite ligand modified Rh catalyst for the conversion of 1,3- 
butadiene. When using a two stage process for the hydroformylation of 1,3-butadiene with 
the disclosed catalyst more severe conditions are recommended in the second stage to ensure 
acceptable conversions. This later patent also describes 1,3-butadiene as a strong inhibitor in 
the conversion of alpha-olefins. In the co-conversion of alpha-olefms with. 1,3-butadiene oxo 
aldehyde products of both the alpha-olcfins and 1,3-butadiene were produced. 

As mentioned, acetylenes and dienes act as strong inhibitors/poisons of catalysts in 
the hydroformylation of alpha-olefms and their removal is required from oxo feeds 
European Patent Application No 0225143 A2 discloses a method for the production, and 
utilization of acetylene and ethylene containing syngas mixtures One of the disclosed 
utilization schemes is to produce propanal by hydroformylation. but acetylene first must be 
removed from the feed by selective hydroucnation to ethylene over a heterogeneous metal 
oxide or. sulfide catalyst. US Patent 4,2S7.370 also teaches that inhibitors such as 1,3- 
butadiene must be removed from C4-olcfin feed stocks by selective hydrogenation prior to 
hydroformylation using HRh(CO)(PPh*0:> as a catalyst German patent, DE 263S79S. 
teaches that the removal of acctvlcncs and dienes is necessary in order to ensure acceptable 
catalvst life in the hydroformylation of olefins with a phosphine modified rhodium catalvst 
In one of the most often cited sources (l\ Corniis "I hdrofoi mvlaiion Oxo Svnlhesis. 
Roclcn Reaction" in "New Syntheses with Carbon Monoxide". I:d J Palbe, Sprinucf 
Vcrlag New York, 19X0, p 73) acetylenes and dienes are referred to as "classical catalvst 
poisons" for the phosphine modified Rh oxo catalysts Acetylenes and dienes are also 
reported to be strong poisons in the hydroformylation of olefins with cobalt catalysts (V 
Macho and M Polievka Rau. Roc. I97<>, 18(1), IS, US Patent 2.752.395) 

Known catalytic processes convening acetylene and ethylene containing syngas 
mixtures cither produce products other than propanal or the conditions used and /or the 
reaction rates achieved are far from being practical Thus, for example, lunopcan Paten; 
Application No. 0,233,759 (19X7) leaches the conversion of acetylene and ethylene 
containing syngas (a mixture of acetylene, ethylene. CO. and I Ij with a ratio of o3 30 6!, 
respectively) into a mixluie ol acivlale and pmpion.ite esleis in'ihe pieseiuv of .m alcohul 
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using a Kli catalyst When using a PPI13 modified Rh oxo catalyst to convert the same feed 
at a P/Rh ratio of 10.0 under otherwise identical conditions, the essentially dead catalyst 
(turnover frequency of I.SxIO" 4 mol product/mol Rh/sec, and total turnover of 13 in 24 
hours) described in European Patent Application No. 0,233,759 (1987) produces some 
propanal and acetone in a molar ratio of 90 to 1 with traces of methyl ethyl ketone and 
methyl propionate. It has been reported by T. Mise et al. (Chem. Lett. 1982, (3), 401) that 
syngas mixtures containing acetylene and ethylene yield <x,p-unsaturated ethyl ketones in the 
presence of a Rh catalyst, however, no phosphine is present in the catalyst. Observed 
catalyst activities are very low, on the order of 5 lurnover/h, or 1 .39x10 s3 mol product/mol 
Rh/sec even though the concentration of ethylene in the gas feed is high, 4 1 .7 v.% The total 
turnover reported by Mise is only 30 in 6 hours. 

Thus it would be desirable if methods could be found to enable the processing of 
oxo/hydroformylation feed streams using rhodium based catalysts that contain olefins and 
alkynes, particularly ethylene and acetylene. The present invention addresses these needs 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 describes a hydrotreating guard bed to reduce the level of muliiunsaturates in a 
multicomponcnt syngas using a rhodium complex as a reagent in a scrubber guard bed 

Figure 2 describes a two-stage oxo process for the hydroformylatibn of multi-component 
syngas mixtures 

Figure 3 describes an integrated process for aldehyde prodnci separation and alkyne-nlelin 
recovery wiih alkyne-olcfm recycle 

SUMMARY OF Tl IE INVENTION 

The present invention provides for methods of using a muliicompotura synniis 
containing mixed unsaturated hydrocarbon feeds having both an olefin (particularly ethylene) 
and more highly unsaturated hydrocarbons, particularly alkynes (particularly acetylene), 
cumulated dienes (particularly allene) and mixtures thereof, rather than sinule type Iced 
streams, in hydroformylation reactions carried out in the presence of certain rhodium 
complexes as catalysts As a benefit, the invention allows for the co-conversion of acetylene 
and ethylene using rhodium based catalyst technologies and provides new feed stock and 
processing options, and simplified production schemes fur the synthesis of the coiuspoiulinu 
product aldehydes, particular Iv piopanal 
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Thus, the present invention provides a process for the production of C3 to Co 
aldehydes, comprising hydroformylating a mixture containing 
• - (a) C2 to C5 olefins and mixtures thereof, and 

- - (b) (i) C2 to C5 allcynes and mixtures thereof or (ii) C3 to C5 cumulated dienes and 

mixtures thereof or (iii) mixtures of (i) and (ii), 
with CO, H2 and a solution of a rhodium complex catalyst produced by complexing Rh and 
an organophosphorus compound at a concentration of Rh in solution from 1 to 1000 ppm by 
weight. 

The present invention also provides a process for the production ^of C3 to C6 
aldehydes, comprising hydroformylating a mixture containing 
• " ( a ) C2 to C5 olefins and mixtures thereof, and 

- - (b) (i) C2 to C5 alkynes and mixtures thereof or (ii) C3 to C5 cumulated diencs and 

mixtures thereof or (iii) mixtures of (i) and (ii), 
with CO, H2 and a solution of a rhodium complex catalyst produced by complexing Rh and 
an organophosphorus compound wherein the catalyst solution has a P/Rh atom ratio of at 
least 30 

The present invention also provides a process for the production of C"> to C<s 
aldehydes, comprising hydroformylating a mixture containing 

- - (a) Co to C5 olefins and mixtures thereof, and 

- - (b) (i) Co to C5 alkynes and mixtures thereof or (ii) C3 10 Cs cumulated dienes and 

mixtures thereof or (iii) mixtures of(h and (iii 
with CO, Ho and a solution of a rhodium complex catalyst produced hv complexing Rh and 
an organophosphorus compound whcicin the catalyst solution has a P/Rh atom ratio ureal cr 
than the value R| wherein 

Ai = R /t + — : 

c 

wherein Rj$ is the IVRh ratio sufficient foi a analytically active Rli complex. pKa j ,,,> is the 
pka value for iriphenylphosphine, pKa L is the pKa value for the liioiganopho>phoius 
compound, R is the gas constant, and ASj, is 35(N-1 ) caI/mole/°K. wherein N is the number 
of P-Rh attachments per ligand molecule 

I lydrofoimylation, as described above, pioduees the corresponding ( to C n 
aldehydes 


SUBSTITUTE SHEET (RULE 26) 


WO 96/22266 


- 6 - 


PCT/EP96/00268 


Typically, the IVKh atom ratio R B for the catalytically active Kh complex is between I 
and 3. Typically, the rhodium complex catalyst is an oil soluble rhodium complex catalyst 
produced by complexing in solution a low valence Rli and an oil soluble triorganophosphonjs 
compound. Typically, the catalyst solution may be prepared with an oily solvent such as 
aliphatic or aromatic hydrocarbons, esters, ethers, aldehydes, the condensation side products 
of the product oxo aldehydes, etc. 

The present invention also provides for the production of the corresponding 
derivatives of the aldehydes produced as provided above, including alcohols, acids, aldol 
dimers, and various hydrogenation and oxidation products produced from the aldol dimers. 

We have also found that the presence of acetylene stabilizes the hydfoformylation 
catalyst . 

The present invention may suitably comprise, consist or consist essentially of the 
elements disclosed herein and may be practiced in the absence of anv step not specifically 
disclosed as required. 

DETAILED DESCRIPTION OF THE INVENTION 

The headings herein are solely for convenience and are not intended to limit the 
invention in any way In addition, solely for convenience the numbering in Fieures and 
throughout the text is as follows process (e.g., reactant and product) streams are numbered 
in hundreds, and means for carrying out a process or operation (eg , units or devices) are 
numbered in tens The hi si digit of each identifies the figure to which n corresponds 

The present invention pertains to processes that use inulticomponcnt svnthcMS uas A 
multicomponent synthesis gas (MCS) mixture is defined as gas mixtures containing carbon 
monoxide, hydrogen, olefins (with a general formula of C n Ih n and with a functional group of 
C : C) having liom 2 to 5 carbon atoms, and a more highly unsaturated hydrocarbon such as 
alkyncs (with a general formula of C n lh n -2 im d W ' |M :i functional group of O-C) havinu from 
2 to 5 carbon atoms or cumulated dienes (with a general formula of (- n Hi n .-» and with a 
functional group of C C-C") MCS mixtures can optionally contain other unsaturated 
hydrocarbons such as and conjugated dienes (with a general formula of C n lb n _-> and with a 
functional group of OC-OC) having > to 5 carbon atoms, enyncs (with a general formula of 
C n ll2n-4 «md with a functional gioup of C-C-C-C) and diynes (with a general formula of 
(-n'bn-o * nK ' :1 functional group of C C-C O having -1 lo 5 carbon atoms MCS mixtures 
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may also contain inert components, e.g., nitrogen, carbon dioxide, funclionally incn 
hydrocarbons such as alkancs and aromatic hydrocarbons, and water vapor. As used herein 
the term "olefin" includes alkenes and excludes diencs; dienes, when present, are referred to 
separately. 

In the following discussions "monounsaturates" are understood as a subgroup of 
hydrocarbon MCS components which have one unsaturated functionality that is olefins or 
alkynes. The "C2 unsaturates" are ethylene or acetylene individually or combined The 
"multiunsaturates" are a subgroup of hydrocarbon MCS components which have at least two 
multiple carbon-carbon bonds i.e. dienes, diynes, and enynes as defined herein, taken 
individually or in any combination 

The present invention provides methods for converting certain MCS feeds by 
reassembling its main components, hydrogen and carbon monoxide (i.e., syngas), Co-C^ 
alkynes, particularly acetylene, and C2-C5 olefins, particularly ethylene, by hydroformylation 
(oxo reaction). 

One embodiment of the process of the present invention provides a method for usinc a 
multicomponent syngas feed containing at least carbon monoxide, hydrogen, and 
monounsaturated hydrocarbon reactants of olefinic hydrocarbons having from 2 to 5 carbon 
atoms (i c ethylene, propylene, butencs, and pentencs), and alkynes having from 2 to 5 carbon 
atoms (such as, e.g., acetylene and methyl acetylene), in a rhodium catalyzed low pressure oxo 
conversion process These monounsaturated alkynes and olefins include the individual C*>-C>> 
alkync components and olefin components, as well as mixtures of the Co-Cn alkvne 
components and mixtures of the C2-C5 olefin components In a preferred embodiment, the 
major monounsaturated hydrocarbon reactants are essentially ethylene and acetylene These 
reactants are fed into the process as components of a multicomponent syngas which mav also 
contain, depending on its preparation method, reactive to C^ monounsaturates and to 
C5 multiunsaturates as minor components, and functionally inert materials in varvmu 
quantities such as carbon dioxide, water vapor, nitrogen, and functionallv inert hvdrocarbons 
(such as alkancs and aromatics) 

Multicomponent syngas containing substantial amounts of inert (and functionallv inert ) 
components may be referred to as dilute multicomponent syngas Dilute multicomponent 
syngas can embody any multicomponent syngas feed wherein the reactive components (CO, 
IK olefin, alkync) may be present together with substantial amounts of inert components 
The use ot Iced stieams having substantial diluent levels is desirable in that these feed stieams 
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may be available at substantial discount relative to the cost of highly purified components 
For example, the olefin contained in cat cracker light ends or in steam cracker furnace effluent 
can be available at substantial discount relative to purified olefins. Likewise, acetylene and 
syngas are less costly if they can be obtained without complete purification Furthermore, 
partial oxidation (FOX) processes can be less costly if air is used as feed instead of oxygen 
Syngas or multicomponent syngas from such an air-blown POX might be characterized as 
dilute multicomponent syngas due to the substantial levels of included N 2 . In principal, the 
.amount of inert components present in a dilute multicomponent syngas may be any value, 
even reaching 99% of the feed stream. Typically, inert component levels in a dilute 
multicomponent syngas are between 1% and 80% of the stream. Table 2 (Example 1) shows 
an example of hydroformylation of a dilute multicomponent syngas having 63% of inert 
components, including CO2, CH 4 . and City, 

Certain trace components in the multicomponent syngas feed of the overall process 
referred to herein as "multicomponent process feed" arc known to be detrimental in the oxo 
reaction. Some are irreversible catalyst poisons , e g . sulfur compounds such as FhS and 
COS. Others cause reversible poisoning or accelerated catalyst deactivation. This later group 
includes components like halides, cyanides, oxygen, and iron carbonyls The concentration of 
these detrimental components can be adjusted by a variety of techniques known in the an to 
provide an acceptable multicomponent syngas feed to the oxo reactor or unit referred to 
herein as "multicomponent oxo reactor feed" 

Multicomponent syngas mixtures are available from a variety of different sources A 
benefit of the present invention is that any mixed acetviene-ethvlenc syngas mixture can be 
used as a feed stock in the processes of the present invention 

A variety of methods exist to manufactuie nuilncomponent svnihesis g;is mixtures 
useful in the process of the present invention One is 1 « > hleiul a stream containing syngas (a 
mixture of CO and Ih) v\iih a stream containing a mixture of acetylene, ethylene, and 
optionally other unsaturated hvdrocaibons Both of these streams can be obtained from 
conventional petrochemical processes The syngas <CO and Ih) containing stream can be 
produced by conventional partial oxidation (POX) Light monounsaturates (C2-CO 
containing ethylene and acetylene as major unsaturated hydrocarbon components can be 
obtained from petrochemical processes such as steam cracking or acetylene manufacture, or 
by modification of one of the known processes used to manufacture acetylene or syngas 
Thus acetylene can be formed using a partial oxidation process that applies a burner to react 
niethaiic-oxvgen midlines Aeetvlene hut nets fed with ahoui two to one molar ratio of 
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methane and oxygen can directly produce an acetylene rich gas mixture that contains ethylene 
as well as CO and hydrogen. Quenching the reaction with naphtha can further increase the 
concentration of acetylene and ethylene in the acetylene burner product stream. Ethylene or 
syngas can also be added to acetylene rich mixtures to adjust the molar ratios of the 
components. An advantage of the foregoing is that it allows for the utilization of an abundant 
feed stock, such as natural gas, and eliminates the need of elaborate and expensive separation 
and purification of oxo feeds often resulting in significant yield losses and added expense: 

In order to maintain the partial pressure of acetylene below the safety limit, a part of 
the acetylene may be scrubbed from MCS feeds before compressing them to the reaction 
pressure for the oxo reactor. Alternatively, acetylene-containing streams can be diluted with 
other feed components, e.g., ethylene, carbon monoxide, hydrogen or mixtures thereof 

Multicomponent syngas streams entering the oxo hydroformylation reactor or reaction 
zone (multicomponent oxo reactor feeds) in the process of the present invention contain C2 to 
C5 monounsaturatcs, among which the ethylene to acetylene ratio is in a range from 1:100 to 
100:1, preferably 1:10 to 10 1 Typically, the mixture contains an amount of olefins that is at 
least 40% of the total unsaturates The amount of CO and H2 in the multicomponent oxo 
reactor feed, with respect to the amount of monounsaturatcs is preferred to be at levels of at 
least about that required for the stoichiometric conversion of monounsaturatcd hydrocarbons 
in the oxo reaction. A stoichiometric conversion of these species requires that the mole 
percent of CO be equal to the sum of the mole perccms of monounsaturatcs Similarly, for 
stoichiometric conversion, the mole percent of lb should be equal to the sum of the mole 
pcrccnts of C2 to Cs olefins plus twice the mole percent s of to (\ alkynes It is preferred 
thai the CO and H2 be present in the multicomponent o\o reactor feed in a range from half to 
100 times that required for stoichiometric conversion It is more preferred that the 
concentrations of CO and lb he in the range Qom I to 10 nines that required for a 
stoichiometric conversion 

Subject to these requirements. Ito'CO ratios in the multicomponent svnthesis izas 
entering the oxo reactor (i e in the multieomponem oxo reactor feed) can range from I 1 to 
100 1, preferably 1:1 10 50:1. more preferably I 1 to 10 I While the presence of excess 
volumes of I to is preferred from a chemistry perspective, a large excess of lb of greater than 
10 is not desirable from a materials handling perspective and can result in unnecessary expense 
in unit operation 
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A range of composition values, as well as a typical composition for the principle 
species present in multicomponeni syngas mixtures entering the oxo reactor (i.e. in the 
mulucomponent oxo reactor feeds) for the process of the present invention arc given in Table 
1. 


Table 1 Multicomponeni oxo reactor feed compositions for the principal components 


Principal Components 

Composition Range (v. %) 

Typical Composition (v %) 

CO 

1 - 50 

25 

H 2 

1 - 9S 

50 

Ethylene 

0.1-35 

15 

Acetylene 

0.) - 35 

10 


Multicomponeni syngas mixtures produced by, e.g., steam cracking or by partial 
oxidation can contain a variety of molecular species which are detrimental to the 
hydroformylation process or arc known to deactivate oxo catalysis For example, rhodium 
metal complex hydroformylation catalysis arc known 10 be poisoned by ccnain sulfur 
containing molecules (c g., H?S, and COS) which irreversibly bind to the metal center Such 
poisons can be removed by use of common chemical and chemical engineering techniques 
such as the use of guard beds, particularly guard beds containing zinc oxide 

The streams used with the present invention may also contain nuiliiunsatuiaies havin-j 
3 to 5 carbon atoms Their concentrations are lypic.slly less than S molelo of the total 
unsaturated hydiocarbon fed to die hydroformylation Catalysts discussed herein as beinu 
active for the hvdroformylation of olefins and alkynes will similarly be active foi the 
hydroformylation of olefins and muluunsaiuraies. Highly unsaturated components such as 
these multitinsaturates can be inhibitors in the oxo conveision of olefins "I hey may reduce the 
activity of the oxo catalyst by associating wiy strongly with the metal and thus diminishing 
the activity of the catalyst toward the hydroformylation of olefins Therefore, the quantities 
of multiunsaturatcs arc preferably less than 5% of the total unsaturated hydrocarbon fed to the 
hydroformylation. More preferably, multiunsaturatcs should be present in hydroformylation 
feed in amounts less than ) mole% of total unsaturates llxamples A and S demonstrate the 
hydroformylation of imihicompoiuni svngas mixtures th.it contain olefins ami iiiuhiiinsaliuatc< 
(specifu alK .ilkne) An i-m i-piu»:i !»■ ilu- Inur.':!- picku-ikv, .m nuiliiunvt-m an- 
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concentrations is the group of non-conjugated, non-cumulated diencs (diolefins), for which 
there arc no restrictions. 

Generally speaking, the multicomponent oxo reactor feed streams preferably contain 
monounsaturates. Multiunsaturated hydrocarbons containing conjugated and cumulated diene 
and enyne type unsaturation are considered less desirable. These multiunsaturates may be. 
removed from multicomponent process feeds or their concentrations may be reduced before 
contact with the hydroformylation catalyst. Although multicomponent syngas products 
generally do not require treatment before their use in the processes of the present invention, 
feed streams containing multiunsaturates in higher concentration than the above preferred 
concentrations may be treated, segregated or diluted with streams comprising substantially 
CO, H2, monounsaturates, and inerts. 

MULTIUNSATURATES REMOVAL 

Multicomponent process feeds can be treated if necessary before entering the oxo 
reactor (i.e prior to hydroformylation) if the concentration of the above specified 
multiunsaturated inhibiting components is too high Mild selective hydrogenation, for 
example, using heterogeneous catalysis (eg, Pd on alumina, or mixed oxide and sulfide 
catalysts as described in EP Application 0,225, 143J can convert these reactive hydrocarbons 
to olefins and alkancs These conventional heterogeneous hydroircating methods, however, 
have drawbacks For example, in heterogeneous systems high concentrations of unsaturated 
hydrocarbons lie olefins, alkynes. and multiunsaturates) with high concentrations of 
hydrogen present a hazard of a highly exothermic runaway reaction Catalyst selectivity, aiu! 
other plant operation issues provide further incentives to seek alter native solutions 

Theicfoie, another embodiment of the present invention provides a selective, liquid 
phase process to address the problems associated with the application of the known 
heterogeneous catalysts The liquid phase used in the process can be a homogeneous phase or 
a pumpable, solids-containing slimy Applicants have found that the Rh catalyst used in the 
hydroformylation process of the present invention is suitable for the selective conversion of 
the foregoing mulliunsaluralcd hydrocarbon components to olefins when the complex is used 
not as a catalyst but as a stoichiometric reagent in a separate prc-trcatmcnt step The 
preferred reagent is the organophosphorous modified rhodium catalyst of the 
oxo/hydroformylation reactor described more detail in H Rh OXO CA TALYST" below. In a 
preferred embodiment a two step process is used to convert excess multiunsaturates in the 
MCS to olefins and alkalies In the first step of the process the Muiii. omponcnl Synv.as is 
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contacted with a solution containing the ligandcd rhodium complex as a reagent The Mrunt- 
preferential binding of multiunsaturatcs to the rhodium complex serves to extract them from 
the MCS and into the solution where they are held as bound species on the rhodium. This 
gas/liquid "scrubbing" effectively removes the multiunsaturatcs from the MCS feed The Rh 
complex essentially functions as a stoichiometric reagent, binding the multiunsaturated 
hydrocarbons from MCS during the contacting. In a separate, second step the multi- 
unsaturates are convened to the corresponding olefins and the rhodium complex is 
regenerated by contacting the complexed multiunsaturatcs containing solution with a gas of 
high hydrogen and low carbon monoxide content for an amount of time sufficient to effect the 
conversion of multiunsaturatcs. 

If such multiunsaturatcs hydrogenation was carried out under .conventional 
hydroformylation conditions, i.e. at CO partial pressures of 10-1000 kPa, the conversion of 
these strongly bound species to olefins would be slow (see Example 4), such that the required 
rhodium concentrations would be uneconomical However, we have discovered that the 
conversion of these multiunsaturatcs can be substantially accelerated under conditions of 
higher hydrogen, and especially, lower CO panial pressures than conventional rhodium 
hydroformylation The complexed multiunsaturatcs-containing Rh solution can be 
regenerated in a separate reactor, with a hydrogen rich gas, i.e., a gas having high hvdrogen 
and low CO concentrations or pure hydrogen During this regeneration, the Rh complex is 
returned to its multiunsaturaic-free form, while the multiunsaturatcs are hvdrogenated to the 
corresponding olefins and alkanes Thus allene, for example, is hvdrogenated during this 
process first to propylene, while butadienes are hydrogchatcd to butcnes In this regeneration 
hydrotrcating step some of the olefins formed iiom multiunsaturates will he furthei 
hydrogenated to the corresponding alkanes The hydrogenation rate in the rcgervjraium step 
can be adjusted hv adjusting the partial pressures of hvdrogen and CO Ih-he: partial 
pressures of hydrogen will increase the rate of hydrogenation On the contrary, increasim: 
partial pressures of CO will reduce the hvdrogenation activity of the catalyst '\ iw rate ami 
selectivity can be conveniently controlled by adjusting the partial pressure c«i ft) in the 
hydrotrcating reactor 

I he benefit of the herein descnbed process is that the composition -of the scnihhnm 
solution used for the stoichiometiic removal of muliiunsaturatcs can essentially be tiie same as 
used for the catalytic oxo step Any level of multiunsaturatcs removal can be accomplished 
The multiunsaturated hydrocarbons (e g allene or vinv! acetylene) are prcfcrcmhiiiv removed 
Irom the gas phase because they bind stronger than the monounsaturaics, particularly olefins 
Since the stronger binding components aie the strongei mhihiims in the oxo invasion of 
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inonounsaiurMCS, in particular in the oxo conversion of olefins, the process removes the 
strongest inhibitors first and produces a purified, multiunsaturate-dcficicni MCS, which is 
preferred as oxo/hydroformylation reactor feed. An additional advantage of using the 
rhodium oxo catalyst solution for the pre-treatment of MCS hydroformylation feed is that it is 
unnecessary to rigorously control losses of rhodium complex due to entrapment in the MCS 
gas phase, because the downstream hydroformylation reactor system must have means to 
effectively capture this Rh complex. Furthermore any Rh compound carried over by the MCS 
stream will not contaminate the catalyst in the oxo reactor since the compositions are 
essentially the same. 

By way of example, Figure 1 shows Absorber 11, in which the multiunsaturates- 
containing MCS feed (101) is contacted with a multiunsaturates-depleted soiutipn of the oil 
soluble rhodium complex (105). This absorber is analogous to guard beds of sacrificial 
catalyst that are sometimes used in heterogeneous catalysis The multiunsaturates-depleted 
MCS stream (102) emerges from the absorber to be sent to hydroformylation (shown here as 
two reactors (13 and 14) in series, each with pumparound cooling (107 and 109) and reactor 
effluents (108 and 110)) Unlike the "guard bed" of heterogeneous catalysis, the 
multiunsaturates-containing "sacrificial" catalyst of this process is a pumpable liquid phase 
solution of a Rh complex (106) that is recovered at the bottom of the absorber. The 
complexed multiunsaturates-containing solution (106) is pumped into a regeneration reactor 
(12) in which it is treated with a hydrogen-containing gas (104) In the regeneration reactor, 
the multiunsaturates-free rhodium complex is recovered by the hydrogenation of the 
complexed mull (unsaturates to olefins and alkanes A gaseous purge stream (103) from the 
regeneration reactor is used to preserve high concentrations of hydrogen The regenerated, 
multiunsaturates-depleted solution of the Rh complex (105) is leturncd from the regenerator 
(12) to the absorber (II) To the extent that the olefin and alkane products of 
nuiltiunsaturates hydrogenation remain dissolved in the catalyst solution, they will be 
transferred back to the MCS stream during contact with the catalyst solution in absorber (I I) 

The temperature in the absorber (II) is maintained in the range of 0 to 150 °C. 
preferably between 20 to 60 °C If the temperature exceeds these limits, the Rh complex can 
decompose unacceptably fast Also, at higher temperatures there is the possibility of hiiih 
reactivity and exothcrms if the absorber has locations where both the Rh containing solution 
and MCS are depleted in inhibitors This would be true, for example, at the top of a counter- 
current absorber. Lower temperatures are acceptable. However, the rate of equilibration 
between the Rh complex and inhibitors will become limiting at some low temperatures 
I'm ihci more, low temperatures can entail an extra cost of refi iteration with no added 
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advantage iiom a pioccss point of view. The pressure in absorber I 1 is kept preferably ai less 
than about 5 MPa with a partial pressure of acetylene below the safety limit of 0.2 MPa. In a 
preferred embodiment the absorber is positioned immediately before the oxo/hydroformylation 
reactor. 

The temperature in the regenerator (12) is maintained in the range of 50 to 150 °C, 
more preferably between 80 to 125 °C The pressure in the regenerator is typically limited by 
engineering, and economic factors Higher hydrogen pressures accelerate the regeneration of 
the multiunsaiurates-frce Rh complex and the hydrogenation of the scrubbed and complexed 
multiunsaturatcs, permitting smaller regeneration vessels and smaller quantities of rhodium 
complex. Preferably the pressure in the regenerator is maintained in the range of about 0.1 to 
50 MPa, and more preferably in the range of aboui I to 10 MPa The liquid feed to the 
regenerator leaves the absorber (11) without any treatment. The gas feed is a hydrogen 
containing gas, which can be either essentially pure hydrogen or a gas mixture enriched in 
hydrogen and deficient in CO. Other guard beds designed to remove irreversible poisons of 
the Rh oxo catalyst such as sulfur compounds, halidcs, cyanides, iron carbonvls and the like, 
should also be used to prctreat the MCS feed stream to the multi-unsaturates absorber (11) 
The hydrogen-rich feed gas to the regenerator (12) should also be essentially free of the 
foregoing irreversible poisons, and other detrimental compounds to the Rh complex The 
addition of pure, sulfur free hydrogen is preferred in the gas feed to the regenerator. The rate 
and selectivity of the hydrogenation step toward producing olefins from multiunsaturatcs and 
alkyncs can be controlled by adjusting the partial pressuie of CO The Ho/CO partial-pressure 
ratio in the regenerator should be 10 or higher, preferahlv 50 or higher Higher CO partial 
pressuies lead to higher selectivity to olefins hut rcducc-J kmc to nuiln-unsatuiaies conversion 
In certain cases the CO dissolved in the complexe\i nuilti-unsaturates-coniaininu solution 
(106) can piovide a sufficient panial pressure of CO in the regenerator ( 12) If necessary. CO 
can be co-fed with 'hydrogen containing gas into the regenerator o,- ga.\ mixtures deficient in 
CO and enriched in hvdrogen can be used 

The absence of CO does not have a destabilizing elVect on the Rh complex but does 
all'eci the rate and selectivity of the hvdrogenation of the unsaturated hvdrocarhons present in 
the regenerator With no CO present all unsaturated hvdiocarbons. including olefins, tend to 
be hydrogenated to alkanes. l! is theiefore desirable to maintain CO concentration in the 
regenerator at a level sufficient to preferentially hvurouenatc the multiunsaturatcs only to 
olefins in order to achieve an economic compromise between faster regeneration of the 
multiunsaturates-fiec Rh complex (therefore smaller equipment size, and smaller Rh load) and 
loss of (*2 to (\ olefin souue due to reduced veleciiviiv I he separation of the 
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multiunsaturates from the main stream of the multicomponcnt syngas improves the overall 
selectivity of the process since the multiunsaturates arc treated separately so that the bulk of 
ethylene and acetylene in MCS is not exposed to the hydrogenation conditions appropriate for 
rapid conversion of multiunsaturates. 

The flow rate of catalyst solution to the absorber is set to meet the concentration limits 
given for multiunsaturate of the multicomponent oxo reactor feed, as described previously. 
The flow rate of rhodium should be set at a sufficient level to stoichiometrically combine with 
the amount of multiunsaturates to be removed. Thus, a treat ratio can be defined as the ratio 
of the flow rate of rhodium to the absorber (expressed as moles per unit time) to the flow rate 
of multiunsaturates to be removed (also as moles per unit time). For an ideal absorption 
system, this treat ratio can be exactly 1.0 for perfect removal of only, the desired 
multiunsaturates Treat ratios should be between 0.5 and 50 in the current invention, 
preferably between I and 10. Higher treat ratios would be recommended if a significant 
fraction of the rhodium complex is inactive, or if it is desired to remove and convert some 
fraction of the alkyne component of the MCS in addition to the multiunsaturates 

Conditions (temperature, pressure, residence time, etc.) in the regenerator are set such 
that conversion rate of multiunsaturates equals the rate at which they are being carried into the 
regenerator by catalyst solution (which, in turn, equals the rate of muhi-unsaturates removal in 
the absorber). Example 4 includes selected rates of multiunsaturates conversion that can be 
used by one skilled in the art of chemical engineering to specify operating conditions of the 
regenerator The scrubbing solution may be essentially the same as that of the catalvst 
solution used in the oxo reactor step or any soluble or slurry phase catalvst that achieves the 
same effect under the conditions herein Preferably the absorption process uses the spent 
catalyst solution from the oxo reactor as a scrubbing solution before its final disposal, and/or 
recycling 

An advantage of the use of the above described treatment from the aspect of the 
process of the present invention is that the multiunsaturates are not convened in the oxo 
reactor therefore do not tic up a laige amount of active catalvst Thev are icmoved from the 
main feed stream and separately converted into olefins The formed olefins arc then preferably 
recycled to the multicomponent oxo reactor feed, and hydroformylatcd in the oxo reactor A 
further advantage of the use of the present absorption-regeneration process for 
multiunsaturates conversion is in the elimination of the hazard of runaway hydrogenation 
reactions associated with hydrogenation of highly unsaturated hydrocarbons This ha /.a id is 
eliminated in the practice of the cuneni invention because the amount of unsaturated spccii-s 
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in the reactor is liinilcd to liic amouni carried in bound to the rhodium or physically dissolved 
in the solvent Thus, each Rh site is limited to a very limited turnover before it runs out of 
unsaturated species to hydrogenate. Under this situation, even a rapid increase in reaction 
rate can only result in the conversion of a limited amount of unsaturated species and so the 
resulting heal release is strictly limited. 

Rh QXO CATALYST 


In the process of the present invention the oxo/hydroformylation catalyst is a rhodium 
complex catalyst, preferably an oil soluble rhodium complex catalyst. The oil soluble catalyst 
is typically formed by a complcxation reaction in solution between a low valence rhodium, an 
oil soluble organophosphorus compound, preferably a triorganophosphorus compound or a 
mixture of such compounds, and carbon monoxide. Under reaction conditions the Rh central 
atom may be complcxcd with other species present in the reaction mixture, such as ethylene, 
and other olefins (e.g.. propylene), acetylene, and other alkynes (eg methyl acetylene), 
diencs, and other highly unsaturated hydrocarbons (c g . allenc, butadienes, vinyl acetylene, 
etc.). and hydrogen, which also can act as ligands. 

The preferred triorganophosphorus compounds suitable for the preparation of the Rh 
complex catalyst for the use in the oxo reactor in the present invention belong to the group of 
oil soluble tiiarylphosphines, trialkylphosphincs. alkvl-diarylphosphincs. arvl- 
dialkylphosphincs, irialkylphosphites. triarylphosphites. containing at least one pnosphorus 
atom per molecule These should be capable of compLx.nion with Rh hv the virtue of having 
a lone pail of elections on ihe phosphorus \on-limmn : .' example of such soluble 
triorganophosphorus compounds for use in the catalyst include iuaiyiphosphmc>. such a> 
iriphenylphosphinc or tri-p-tolylphosphine, tnalkylphospmnes. such as liioctylphosphine or 
tricyclohexylphosphine, < -r alkyl-diai\lphosphines. such as oct vldiphenylphosphine 01 
cyclohcxykhphcnylphosphme, or ar% Idialkylphosphine.s. such as phenyldioctylpho>phme or 
phenyldicyclohexylphosphine. etc The liiorganophosphoius compounds that can serve as 
hgands can also be other phosphorus containing compounds such as liionjanophosphiies. e e 
irialkylphosphites such as triociylphospimc, triarylphosphites such as u i-p-tolylpho<phitc In 
addition to monodeniale phosphorus ligands, biiieruaie compound:* such as diphos 
(bis(diphcnylphosphino)cthanc)can be used. An extended list of suitable phosphinc ligands is 
given in Falbc's book at p 55 - 57 Preferably, the oil soluble liiorganophosphoius compound 
is a inaikylphosphine such as tiicvclohexylpliosphuie ami liioctylphosphine or a 
triarylphosphinc such as li iphenvlphosphine llov.e\ei oihei livamls such as 
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phcnyldicyclohcxylphosphinc, diphcnylcyclohcxylphosphinc, phcnyldioctylphosphinc, tri-p- 
tolylphosphinc, irinaphihylphosphinc, phcnyl-dinaphthylphosphine, diphcnyl- 

naphthylphosphinc, tri-(p-mcthoxyphcnyl)phosphinc, tri-(p-cyanophcnyl)phosphinc, tri-(p- 
nnrophenyl)phosphine, p-N,N-dimclhylaminophenyl-(diphenyl)pho$phine, and the like can be 
used if desired. Mixtures of triorganophosphorus compounds can also be used. 

It will be recognized by one skilled in the art that other ligands used with rhodium for 
hydroformylation can, in turn, be used in the present invention for the hydroformylation of 
multicomponent syngas, provided the catalyst is used at sufficient ligand/Rh ratio. Further 
examples of ligands for hydroformylation include transition metal bis-phosphite catalysts (as 
disclosed in US 4,SS5,40I), bidentatc organophosphorus ligands (as disclosed in US 
4,742,178), and transition metal polyphosphite ligands (as disclosed in US 4,769,49S) 

It will be further recognized by one skilled in the art that reaction media other than oily 
ones can be used in the present invention for the hydroformylation of multicomponent syngas. 
Typically, the catalyst is rendered soluble in a reaction medium by using suitable ligands for 
complexation. Thus the hydroformylation of MCS can be performed in aqueous media by 
using organophosphorus ligands containing at least one subsiitucnt on the hydrocarbon radical 
of the ligand which imparts water solubility to the ligand. Such subtitucnts include, for 
example, the carboxylic, amino, and sulfo functional groups. Examples of such ligands can be 
found in US patents 4,24S,S02. 4,808,756, 5,312.951. and 5,347,045 which arc incorporated 
herein by reference Hydroformylation of MCS can also he performed in a fluorinatcd 
hydrocarbon medium providing that the Rh complex is rendered iluorous soluble as described 
in US patent 5.463,082 which is incorporated herein by reference 

Rhodium complexes prepared using the aforementioned ligands mav also be used m 
solution in (he mukiunsaiurates removing absoiber/reiiencraior system described prcviouslv 
In fact using the spent catalyst solution from the hydroformvlation reactor before its final 
disposal and/or recycle could be advantageous because oi the potential sayinus in reagent cost 
in the nuiltiunsaturates removing step 

Rhodium complex catalysis prepared usinu the aforementioned liuands arc known to 
provide good catalytic activity in the hydroformylation of pure olefin feeds but arc 
inhibited/poisoned by alkyncs, particularly acetylene. Applicants, however, have unexpectedly 
found that these ligands can be used in the hydroformylation of sv'ngas containing mixed ("2 10 
C5 olefin and alkyne feed stocks, especiallv acetylene and elhvlcne. provided that the 
phosphorus ami ihodiuin in ihe catalvsi aie pieseni in anuumis thai lender the ealalvsl 
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catalytically active. Preferably, the IVRh ratio is maintained above a specified minimum value 
Wc have found that, for triphenylphosphinc (PPI13), this minimum value should preferably be 
30. The preferred ligand concentration can also be expressed in terms of the minimum 
concentration of the coordinatcly active phosphorus [P] in the solution or in terms of a 
minimum [P]/p C o ratio in the reaction, wherein p C o is the partial pressure of carbon monoxide 
in the gas phase. For PPh3, [P] should preferably be above 0.01 mol/l, and the [P]/p C o ratio 
should preferably be above 0.1 mmol/l/kPa. The Rh concentration in the reaction mixture 
should be in the range from about lxl 0' 5 to about lxlO* 2 mol/liter This range of Rh 
concentrations corresponds to a Rh concentration in the range from about 1 to about 1000 
ppm (by weight). In a more preferred embodiment the Rh should be present in the rani»c of 
50 to 750 ppm, based on the total weight of the solution Within the above ranaes, the choice 
of catalyst concentration can reflect engineering and economic considerations 

The hydroformylation of the oxo reactor feed is carried out by contacting the catalyst 
with the multicomponent syngas in a solution of the catalyst prepared with a solvent or a 
mixture of solvents Oily solvents that can be used for the preparation of a catalyst solution 
used in the oxo/hydroformylation step are known in the art, and include aliphatic, and 
aromatic hydrocarbons (eg, heptanes, cyclohexane. toluene, etc), esters (en. clioctvl 
phthalate), ethers, and polycthcrs (e.g., tctrahydrofuran, and tetraglvmc), aldehvdes (c u 
propanal, butanal, etc.), the aldol condensation produces of the oxo product aldehydes, the 
triorganophosphonis ligand itself (e t» , triphenylphosphinc), etc 

For catalyst compositions outside of the specified ramies, particularly for caialvsts 
with P/Rh ratios below the minimum value for a catalvticallv aciivc Imlroloimylaiion catalvsi 
(which for PPIn is 30). the catalyst has a signilicantlv reduced nctiv'nv I'rcccc and Smith (l-P 
0,233,75°), for example, have investigated the hvdroformvlation of an acetvlene containim*. 
multicomponent syngas mixture in the presence of IMMn modified Kh (l f('())|? catalvst In 
spile of the fact that the feed gas contained high concentrations of the reactants (acetylene, 
ethylene, CO, and hydrogen with a ratio of 6 3.30 cl. respectively), the catalvst solution 
contained high concentration of Rh (0 0IOK mol/l). and PIMn (<> IM mol/l). and the total 
pressure was 0 91 MPa. the catalvst tailed as evidenced hv the fact that the total turnover, in 
the presence of acetylene was onlv I i 111 24 hours, eivmg a vorv low turnover fiei|tiencv of 
1.5x1 0"^ mol propanal/mol Rli/scc Under those reported conditions the Rh catalvst has high 
activity in the hydroformylation of ethylene alone (C K Brown, and (i Wilkinson. 
Tetrahedron Letters l% ( ), 22. I72\i Resides the expected propanal. the product mixture 
also contained I I mole''*, acetone noi observed in hviliofonnvlation product mi\tuies of 
Cthvlcne This ellecl ot acelvlcne «»nihc oxn corner <•! ethvlene is well documented in the 
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literature, and is the reason thai acetylenes are referred to as "classical catalyst poisons" for 
the phosphine modified Rh catalysts (sec B Cornils. "Hydroformylation Oxo Synthesis. 
Roclcn Reaction" in New Syntheses with Carhon M onoxide cd J. Palbc. Springer Vcrlan. 
New York. I9S0. p. 73). 

Applicants have found, however, that under proper conditions, particularly at specific, 
appropriate P/Rh ratios the inhibiting/poisoning effect of alkynes can not only be overcome 
but in fact the alkyne components themselves can be convened to the corresponding saturated 
aldehydes. These ratios are typically high. The catalyst used by applicants herein shows 
enhanced activity, and is not poisoned by C 2 -C 5 alkynes such as acetylene but rather co- 
converts them with olefins to corresponding C 3 -C 6 aldehydes, as evidenced by its high 
turnover frequency with feed streams containing acetylene, ethylene. CO, apd hydroecn 
Applicants have found that the catalyst system evidences changed activity with varyinu 
coordinaiively active P concentrations and P/Rh ratios. Physical evidence of this chanee 
comes from experiments conducted with acetylene and ethylene containing multicomponent 
syngas feeds at 100 and 110 "C. and 0.8 and 2.2 MPa total pressures, respectively, with 
different PPI13/RI1 ratios (see Examples I. and 2). When the PPhVRh ratio was 9.3. 
essentially the same as in the experiment of Preece and Smith, albeit using a different Rh 
source, the final catalyst solution had a dark brown color but was orange when the PPhVRh 
ratio was. higher, e.g., 300 The brown color of the solution containing the catalyst with a 
P/Rh ratio of 9.3 evidenced that the catalyst decomposed At 1 10 °C\ and 2 2 MPa total 
pressure the total turnover with a I'PbyRh ratio of 9 3 was onlv 4 9 in 2 hours, while under 
milder conditions of 100 °C. and O S MPa total pressure the total turnover was 221 in 4> 
minutes when the PPI13/RI1 rano was 300 This later catalylic rau- is in the range of the 
hydroformylation rate of propylene under otherwise identical conditions The catalyst with a 
PPI)3/Rh ratio of 300 thus showed an average turnover frequency of" OOX2 mol propanal/mol 
Rli/scc. while the catalyst with a PPhVRh ratio of 9 3 gave an average turnover frequency of 
tVSxlO" 1 mol propanal/mol Rli/sec. i e 120 times slower Initial turnover frequencies as high 
as 2 mol propanal/mol Rli/sec have been achieved with the process of the present invention in 
the conversion of an MCS feed which contained 15 5 volume % ethylene, and 6 5 volume % 
acetylene using a PPhVRh catalyst with a PPhVRh ratio of 661). and above <see Hxamplc 3) 

Thus, one embodiment of the present invention is that, for any organophosphoms 
compound used to modify rhodium for use in hydroformylation. there exists a catalyst P/Rh 
ratio sufficiently high to create an active catalyst for the hvdroformylation of multicomponent 
syngas. While catalysts below this P/Rh ratio may provide a minimal level of turnover, as 
evidenced by the tuiiuivei licqucncy ofo XxltH mol oxomol Khz sec achieved with PPh; ai a 
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P/Rh ratio of V 3, a catalyst with utility would preferably be ;il P/Rh ratio sullicicmly hiuh as 
lo provide aciiviiy of at least I0~ 2 mol oxo/niol Rlt/scc 

Other experiments carried out with mullicomponcnl syngas mixtures in the presence of 
rhodium PPh3 catalysts with P/Rh ratios of 100 or higher showed high selectivity for propanal 
of about 99.5 %, in a wide range of H2/CO, and acetylene/ethylene ratios and temperatures, 
even at conversions as high as 99 %. The only other product detected was ethane. On the 
other hand it has been reported (T. Mise el al. Chem. Leu 1982, (3), 401) that acetylene and 
ethylene containing mulii-componcnt syngas mixtures yield a,P-unsaturaicd ethyl ketones in 
the presence of unmodified Rh catalyst, where the P/Rh ratio is zero 

Applicants have found at PPh^/Rh ratios of at loiist 30, and preferably above about 
100, significant improvements in rate, conversion, and stability arc achieved For example, at 
PPh3/Rh ratios above 30, initial rates of at least 0.04 mol/mol Rli/scc and conversions of at 
least 80% have been achieved with an orange-yellow 1 catalyst color that indicates a stable 
catalyst At these PPh.VRh ratios, the hydroformylation of acetylene and ethylene containing 
MCS mixtures is facilitated and also may stabilize the catalyst in a form that catalyzes 
hydroformylation in preference to the formation of othei oxygenates, such as ketones, and 
esters 

The aforementioned effect, in which the hydroformylation of acetylene and ethylene 
containing MCS mixtures stabilizes the catalyst, can provide a strong incentive to add alkynes 
(especiallv acetylene) to olefins (especially ethylene) for hydroformylation Under conditions 
suitable foi hydroformylation of olefins with alkynes ami other mulliunsatmakv both the 
ligand and the alkvne have equilibria strongly biased inward binding to the rhodium This 
greatly reduces the rescrvoil of rhodium thai has insufficient ligation, winch in turn reduces 
the rale of ihodium cluster formation, which cluster loimation is the pimcipal pathway of 
rhodium deactivation Thus, as shown in lixample 7. catalyst deactivation can be ereatly 
reduced by the addition of a small amount of alkvne As such, one preferred embodiment of 
the present invention is a process for hydroforniylating olefins (particularly ethylene ) in which 
a small amount of alkynes (particularly acetylene) and/01 inultiunsaiuraies are added sufficient 
to mitigate catalvst deactivation A [Meier red alkvne addition level would be from about 10 
ppm to about 10% on total unsaturate, more preferably from about 100 ppm to about >% on 
total unsaturate The addiiion of alkynes or muhiunsaturatcs may provide sufficient advantage 
in terms of reduced deactivation and in terms of the higher severity conditions (e e 
temperature, olefin comeision. etc ) enabled by reduced deactivation, that this embodiment 
can be used In improve ilciin (pailk ul.ulv ethylene) hvdiolm mvlaiion. wheiein tin- .tlkvnes 01 
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mulliunsaiuratcs arc present essentially for the purpose of mitigating deactivation, and 
wherein aldehyde yield from those alkyncs or muliiunsaturaies may be inconsequential or 
insignificant 

For ligands other than triphenylphosphine, the minimum ligand concentration may be 
different. When the catalyst is used to convert multicomponent syngas mixtures that contain 
alkynes, an important characteristic of the ligand is its ability to compete against the alkyne for 
binding with the rhodium. The active rhodium catalyst has a varying amount of bound ligand, 
but an average over the active states can be defined in terms of a net bound- 
phosphorus/rhodium ratio, Rg. For common hydroformylation catalysts, Rg changes over 
time in the catalytic cycle, but has an average value of approximately 2. If a ligand has a 
greater attraction to be bound to Rh, less ligand will need to be in solution in order to 
maintain the Rh in its preferred (R B ) state 

A measure of the level of attraction of the liyand for the rhodium can be found in the 
pKa value of the ligand. (pKa values for some common ligands are listed in B. Cornils, 
"Hydroformylation Oxo Synthesis. Roelcn Reaction" in New Syntheses with Carbon 
Monoxide, ed. J. Falbc, Springer Verlag, New York, I9S0, p. 4S). pKa is the base-10 
logarithm of K a , which is the equilibrium constant for the acid-base interactions of the ligand 
A second measure of the level of attraction of the ligand for the rhodium can be drawn from 
the entropy of interaction when multi-dentate ligands are used This entropy of interaction. A 
^13, has a value of about 35 cal/molc/°K for each added point of attachment (see, for example. 
Benson. S \V Thcrmochcmical Kinetics, Wiley. New York. I07o) This entropy contributes 
to fiee-encrgv ;»s --TAS. thus providing a free eneigv contribution of about -10 to -]> 
kcal/mole Free energy influences equilibria as cxp(-AG/RT). such that the influence of 
entropy effect of mullidentate ligands is included as exp(AS n /R) 

Both measures of strength of binding will attenuate the concentration of unattached 
ligand that is required in solution in order to maintain an active amount of ligand bound to the 
rhodium Rj is defined as the overall ratio of phosphorus to rhodium foi a hydiofoimylanon 
catalyst with ligand "L", and includes both unattached ligand and ligand bound to rhodium 
The unattached ligand concentration (expressed as a ratio to rhodium concentration) is (Rj - 
Rjj). The following equation defines the effect of binding strength parameters on the 
minimum ligand concentration for ligands other than PPhy 
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Where R L is the minimum P/Rh ratio sufficient to provide an active hydroformylation catalyst 
with this ligand. R Tpp is the minimum P/Rh ratio for the ligand PPh 3 (R Tp p=30), R fi \ s the 
average ra.io of P bound to the rhodium (-2), pKa TPP is the pKa value for PPh 3 , pKa L is the 
pKa value for the new ligand. AS B is about 35 kcal/mole/°K for each additional point of 
attachment (beyond the one point of attachment of PPh,), and R is the gas constant (1 99 
cal/molc/°K) 

Thus. R L . as calculated using this equation, represents the minimum P/Rh ratio 
sufficient lo provide an active hydroformylation catalyst for any ligand "1." 

Rhodium can be introduced into the reactor by methods known in the art cither as a 
preformed catalyst, for example, a solution of hvdndocarbonvl tris(«riphenvlphosphino) 
rhodium (I) |I IRh(CO)(PPh 3 )3) or formed in situ If the catalyst is formed in situ, the Rh can 
be introduced as a precursor such as acctylacctonatodicarbonyl rhodium (I) (Rh(CO)^(acac)) 
rhodium oxide fRh 2 0 3 ], rhodium carbonyls [eg. Rh.,fCO)i: and Rh 6 (CO),6] 
tris(acc.ylacetona.o) rhodium fl) [Rhfacac) 3 ]. or .riarvlphosphine substituted rhodium 
carbonyls | |Rh(C< »2lV.\n )):. wherein Ar is an aryl group; 

RFArrOR VARIAHI.I-S 

Typically, in the piocess ol the present invention, hvdiolo.mvlai.on ofinuhicomponent 
syngas feeds is conducted at a temperature in the range from SO to ISO «»<'. ;,nd preferably in 
the range Horn SO ,o I 35 o ( - „ thc K . mpcraIlirc CSCccds ll|CSC |jm „ s „ K . ca|aIys| m;(v 

deactivate Lower temperatures are acceptable, however, the rate of reaction may become 
too slow to he economically praciical 

The reaction is conducted at a total pressure in she icactoi in the iange of less than 
about 5 Ml'a (absolute) p.eferahly about 0 05 to 5 MPa with a pa.tial p.essure of carbon 
monoxide not greater than 50 % of the total pressure The maximum practical pressure can 
be limited by considerations of pioduction and capital costs, and safety 

The mole peiecni ol eailu.n monoxide, hvthogen I ? -(\ olefins, pieleial.lv eihvlene. 
and ( ? (\ alkvi.es. p.eleial.lv aceivl.ue „, ,| K - „ 1 „|, K . i „, I ., lllll . ll , NVII .. :iN teed lo ii,e „xo uacioi 
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at ihc foregoing pressures should be maintained as follows: CO from about I to 50 mol% % 
preferably about I to 35 mol%, H2 from about I to 9S mol%, preferably about 10 to 90 
mol%, monounsaturates individually and in combination from about 0.1 to 35 mol%, 
preferably about ! to 35 mol%. Gas compositions within the oxo reactor in the process of the 
present invention are then affected by the mode of operation, feed composition, and 
conversion. 

The reaction can be conducted either in a batch mode or on a continuous basis. 
Preferably the reaction is run on a continuous basis. In a continuous mode, superficial 
velocities of from about 1.5 to about 61 cm/sec (0 05 to 2 ft /sec), preferably from about 3 to 
about 30 cm/sec (0. 1 to 1 ft/sec) should be used. 

Since the catalytic oxo conversion takes place in the liquid phase and the rcactants arc 
gaseous compounds, high contact surface between the gas and liquid phases is very desirable 
in order to avoid mass transfer limitations. The high contact surface can be provided by any 
suitable manner, for example, by stirring in a batch reactor operation In a continuous 
operation the reactor feed gas can be contacted with the catalyst solution in, for example, a 
continuous stirred lank reactor in which the gas is introduced and dispersed at the bottom of 
the vessel Good contact between the catalyst and the gas feed can also be ensured by 
dispersing the solution of the Rh complex catalyst on a high surface support by methods 
recognized in the an 

In the process of the present invention the hvdroformylation of multi-component oxo 
reactor lecds can be conducted in a single-stage icactor 01 using multiple reactors The 
reactors mav he arranged in any numbers of parallel trains when operating in a continuous 
mode The number of parallel trains is determined by the desired total capacity and the 
capacity of a single train The present invention can be practiced using one or more stages pet 
train, and each reaction stage can be engineeied using anv suitable reactor configuration For 
example, plug How or constant stirred tank, reactor (( S I R) contacting are two common 
reactor eonfiguiations The number of stages and the reactor types for the stages can he 
computed using conventional chemical engineering principals given the kinetics and objectives 
of the reaction system 

In batch experiments, there is an indication that the olefin and alkync components of 
MCS feeds react in two well defined phases The first phase roughly corresponds to the 
conversion of the olefins present in the MCS oxo icanor feed In the second phase on i!k- 
othci hand mostlv the alkviu* tonum 1*. i»»ii\uUi: I in- liisi pln^- | N rsM-nlulk iIk- 
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hydrolbnnylaiion of olefins in the presence ofalkynes 1 lie second phase on the other hand 
itself is a two step conversion in which alkyncs arc first hydrogenaicd lo olefins and then those 
olefins formed arc hydroformylated to the corresponding aldehydes. The rate determining 
step in this second phase of MCS conversion is the hydrogenation of alkyncs to olefins. 
Following this unexpected order and complexity of the oxo conversion of mixed olcfm-alkync 
feeds, conditions for the different phases of the oxo reaction are preferably different. Thus, a 
preferred embodiment of the present invention is to divide the total hydroformyiation into two 
stages, with each stage operated under conditions advantageous to the chemistry occurrinu in 
lhat stage. Thus reaction conditions and catalyst composition in the first reactor should 
enhance the hydroformyiation of olefins in the presence of alkyncs. Reaction conditions and 
catalyst composition in the second stage, on the other hand, should facilitate the 
hydrogenation ofalkynes which is the slowest step in their conversion to aldehydes 

US Patent 4,593,127 describes a two stage hydroformyiation process for the oxo 
conversion of olefins The patent gives a common engineering solution for an improvement in 
the overall conversion of the rcactani olefins It has to he understood, however, lhat the 
purpose and need for a multi-stage and in particular for a two stage oxo conversion in the 
process of the present invention is different The chemical reactions taking place in the 
different stages of the oxo process of the present invention arc different. In the first oxo staoe 
the main reaction is the hydroformyiation of olefins in the presence ofalkynes In the second 
stage, however, the main reaction is the hydroformylanon of alkyncs which is itself a two 
stage reaction The first step in the alkync conversion is the hydrogenation ofalkvr.es to the 
corresponding olefins which is followed by the hydroformvlation of the formed olefins to the 
corresponding aldehydes The chemical reaction in the h\o stages of the process disclosed in 
US Patent •l..S | ).?J27 on the other hand is the same hvdioioimylaiiun of olefins io aldehydes 
The need for the two stages in the process of the present invention therefore does not simply 
stem Horn the need for a better overall conversion but from the unexpected nature of the 
chemical process, namely, that the stronger binding alkvne components react much slowei 
than the weaker binding olefin components As a result of this characteristics of the oxo 
conversion of alkyne-olelin mixtures, olefins react firs: producing the corresponding aldehydes 
and tints the alkvne icactants will be enriched in .the ie:u a non mixture Furthermore, since the 
oxo conversion of alkvnes to the final saturated aldehyde products requires first the 
hydrogenation of alkyncs lo the corresponding olefins and since it is this first step which 
determines the overall rate of this reaction, conditions in the second reactor staue should 
enhance in fact not only the hydroformyiation of olefins but the hydrogenation of alkvnes as 
well The need for the second leactor stage therefore stems from the nature of the chemistiv 
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and not simply a common engineering solution lo improve of the overall conversion of a 
chemical process 

An example of a two-stage, single-train oxo/hydroformylation unit is shown in Figure 
2 and described as follows: The hydroformylation reaction is carried out in two continuous 
stirred tank reactors (21, 23). Each reactor is cooled and stirred using a pump-around cooling 
loop (202, 207). The hydroformylation feed (201) enters the f.rst reactor. The product from 
the first reactor (203), possible containing some entrained solvent and/or catalyst, may be 
cooled and separated in a flash drum (22) for intermediate withdrawal of aldehyde product 
(204). Remaining (unconverted) multicomponent syngas (205) is introduced into the second 
reactor (23) Additional MCS components, such as hydrogen, can be added (206) to this 
MCS feed to the second reactor. Hydrogen addition, for example, could be .employed to 
provide the higher H 2 /CO ratios that are preferred in the second stage. The product from the 
second reactor (208) is combined with the intermediate product (204) to yield a stream (209) 
that is introduced to a product separation and catalyst recovery train (combined for simplicity 
into block 24) This block can use conventional boiling-point based separations (c.c 
distillation) to separate the crude product into an unconverted MCS stream (210), a purified 
aldehyde stream (211). and a process solvent/catalyst stream (212) The process solvent and 
catalyst stream (212) is recycled back to the individual reactor stages. 

Conditions in a two-stage oxo unit embodiment of the process of the present invention 
are adjusted for the two stages of the conversion of multicomponent syngas feeds as described 
pieviously Therefore, in the preferred embodiment reaction conditions in the first stage of 
ihe two-stage o.\o unit should be optimized to facilitate hydroformvlation of ethylene in the 
presence ol acetylene, in the second stage of the conversion process the overall conversion 
rate is essentially determined by the rate of hydrogenation of alkynes. in the preferred 
embodiment acetylene Thus, reaction conditions in the second stage of a two-stage oxo unit 
should facilitate hydrogenation of the alkyne rcactant. in the preferred embodiment acctvlcne 
Reaction conditions in the first stage should be maintained as follows Ih/CO ratio from 
about I I to 100 I, preferably I I u. 10 I. the temperature should be limn about SO to ISO 
°C. preferably in the range of SO to 155 »C, more preferably from about So to Ho or. the 
total pressure in the reactor should be from about 0 05 to 5 MPa. pielciahly liom aluuit O I u, 
2.5 MI'a, with a partial piessure of CO not greater than 50 % of the total piessure. and the 
partial pressure of acetylene rcactant not greater than 0 2 MI'a (safety limit) Reaction 
conditions in the second stage of a two-stage oxo unit of the process of the present invention 
should facilitate the hydrogenation of alkynes to olefins by. for example, maintainim* hiuher 
112 and lower CO partial picssiircs than in the first stage Higher lempeiaiuies mav also he 
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applied in ilic second singe lo increase reaction rates. in some cases ii may become 
economically advantageous lo use a dilVcrcni ligand in the second stage to improve the heat 
stability and/or hydrogenation activity of the catalyst. Thus reaction conditions in the second 
stage should be maintained as follows: H2/CO ratio from about 1:1 to 100:1, preferably from 
about 2:1 to 50:1; the temperature should be maintained between about 80 to 180 °C, 
preferably from about 80 to 155 °C; the total pressure should be maintained between about 
0.05 to 5 MPa, preferably from about 0.1 to 2.5 MPa, with a partial pressure of CO not 
greater than 35 % of the total pressure, and the partial pressure of acetylene not greater than 
0.2 MPa (safety limit). Superficial velocities of from about 1.5 to about 61 cm/sec (0.05 to 2 
ft/sec), preferably from about 3 to about 30 cm/sec (0 1 to 1 ft/sec) should be used in both 
reactors in order to entrain the catalyst in the reactor. Rhodium complex catalysts within the 
range of compositions disclosed previously are used The compositions of. the catalyst 
solutions in each stage of a multistage oxo unit are preferably the same, but can also be 
different, within the disclosed ranges for the rhodium complex catalyst, if so desired 

The overall conversion of the alkync and olefin content of the multicomponent syni»as 
feed in the oxo unit of the process of present invention can be essentially as high as desired 
The catalyst life, however, is shortened as the conversion approaches 100% in a single pass if 
higher catalyst concentrations and/or more severe conditions, i.c higher temperatures are used 
to reduce, the necessary residence lime 10 achieve the desired conversion Jt is therefore 
generally desirable to maintain ihc conversion in a single pass lower than the desired overall 
conversion and to recycle the reactanis after the separation of the produci Thus, for example, 
higher than W% overall conversion can he achieved uiih X0 0 / o per pass reaciani conversion in 
the oxo unit and v»o% reaciani recovery in a rccoverv-iecvcle una descubed below \huWi 
such conditions the leactant concentration in the rcacios can he 2-1 limes iuuhci lhan the 
concentration resulting from the same level (W%) of single pass conversion in the absence ot 
recycle. This higher concentration contributes to a proportionally M tunes hidici reaction 
rate,, and in the case of the oxo/hvdroibrmylation process of the present invention, 11 also 
contributes to an increased catalvst complex stabiliiy 

Ihc use of a recycle of unieacted unsaturated hydiocaibon components is hmhly 
desirable in the processes of the present invention to increase the oxo unit pioductiviiy and the 
catalyst life by allowing higher unsaturated hydrocarbon concentrations in the oxo leacloi(s) 
However, feeds having relatively high concentrations of mens and luin-sloichiomclnc 
icaciants. such as nuiliicomponent sviifas levels, eiVvc:i\vl\ ihsomiagc siu h a uv\* lv because 
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of the rapid build-up of excess gaseous materials, i.e. inens (e.g., nitrogen, water vapor, 
methane, ethane, propane), and excess rcactants (typically hydrogen) that would occur in the 
recycle loop. It would be beneficial if a process could be devised to overcome these 
problems. 

Applicants have found that the unreacted unsaturated hydrocarbon components, 
especially acetylene, can be advantageously recovered from the gaseous effluent of the oxo 
reactor by scrubbing this "tail gas" with a liquid consisting of the liquid aldehyde product of 
the oxb reactor. This unsaturates-coniaining liquid can then either be stripped with 
unsaturates-free syngas to produce a recycle stream of multicomponcnt syngas that is more 
concentrated in the unsaturated hydrocarbon than was the tail gas, or preferably, the 
unsaturates-coniaining liquid can be recycled directly to the oxo reactor 

Applicants have found that solubilities of the unsaturated hydrocarbon components 
(e.g., ethylene, and in particular acetylene) of multicomponcnt syngas mixtures in certain 
oxygenated solvents, more particularly C3-C6 oxygenated solvents, especially the product 
aldehyde of the hydroformylation process such as disclosed herein for the conversion of 
multicomponcnt syngas mixtures are exceptionally high Furthermore, the solubilities of these 
unsaturated hydrocarbons are substantially higher than the solubilities of other reactants such 
as hydrogen, and carbon monoxide, and incrts such as methane, and nitrogen (see Tables 6 
and 7 in Example 5) present in multicomponent syngas mixtures used in the process of the 
present invention 

TIhi.n. another embodiment of the. present invention provides a process lor the 
separation or preferential icnunal of unsaturated hvdroearbons. especially accivlene. from oxo 
reactor diluents containing same and recycle thereof into the oxo reactor tor lurthei 
hydroformylation processing without build-up of the aforementioned excess reactants and 
inens in the oxo reactor The process provides a method for concentrating and recovering the 
unsaturated hydrocarbons from the oxo reactor diluent to produce a stream that is enriched in 
alkyne and olefin and deficient in excess gaseous material for recycle into the oxo unit without 
buildup of inens, and excess components 

The recycle and recovery concept of the present invention comprises use of the 
aldehyde product of hydroformylation as the absorption solvent in a system for concentrating 
the unconverted unsaturates in the oxo reactor diluent A simple embodiment of this 
invention would be the use of paired absorption and stripping towers In this method, the oxo 
diluent is feil lo the hnllom of an al^ni pi ion tower whole n is contacted with cold aldchvde 
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10 condense om liquid aldehyde and dissolve unsaturated species (particularly acetylene) 
Oxo tail gas greatly diminished in these components emerges from the top of the absorption 
tower. The unsaturatcs-containing aldehyde from the bottom of the absorption tower is fed to 
the top of a stripping tower wherein unsaturaics-free gas (such as synthesis gas, hydrogen, or 
nitrogen) is used to strip out the unsaturates into a concentrated vapor phase suitable for 
recycle to oxo. The unsaturates-free liquid aldehyde product at the bottom of the stripper is 
divided between recycle to the absorber and a stream which is the aldehyde product of oxo. 
By use of such a scheme, the absorber/stripper is made to serve the three purposes: (i) 
recovering the aldehyde product from the gaseous process effluent, (ii) recovering unsaturates 
for recycle to oxo, and (iii) removal of unsaturates from the aldehyde product, in which such 
unsaturates would be unwanted contaminants. 

A preferred embodiment of the recycle and recovery' concept of the present invention 
accomplishes these same three purposes, but also provides for the recycle of the unsaturated 
components as solutes in a liquid-phase recycle aldehyde stream An example How diagram 
for this embodiment is shown in Figure .1 Into the oxo reactor (31), having a pump-around 
cooling loop (340), is introduced a multicomponeni svngas feed (331) The oxo reactor 
gaseous or mixed phase effluent (332) is cooled to a temperature at which an amount of 
aldehyde condenses that is essentially equal to the amount of oxo-produced alcehvde The 
condensed liquid aldehyde (341) is separated from the remaining gas phase oxo effluent in a 
Dash drum (33) The liquid aldehyde product (341) is introduced into a stripping vessel (34) 
where it is stripped with an unsalurate-frec gas (333) (e g syngas, hvdrogen. nitrogen, or hunt 
alkanes) to produce an unsalurate-fiee aldehyde pioduet (33M and a gaseous eminent (342) 
containing unsaturated hvdrocarhons The stripping tower gaseous effluent (342) is combined 
with the Hash drum (33) vapor and cooled further to produce a stream ( V>4) th;i! i> ted to ihe 
absorption tower (3M having an upper portion that is ;it a temperature siitlicientlv low to 
provide rellux (344) of the alkane components of the oxo effluent (e g ethane or propane), as 
shown as cooling of the tower overhead (343) and drum (3o) to separate liquid from vapor 
This upper portion of the absorhei (3>» functions as the leciifying section of a distillation 
tower, rejecting aldehyde from lower boiling components, and resulting in a substantially 
aldehyde-free overhead product stream (33o) that contains the oxo diluent- let: 
methane, ethane, propane) and non-stoichiometric components (eg hydrogeni thai boil at 
temperatures at or below the temperature of the refluxmg alkane In the bottom of the tower 
(35) the liquid phase becomes cold aldehyde that dissolves the highly soluble unsaturated 
components as if in an absorber At the temperature of the bottom of the lower HV) the 
solubilities of alkynes and olefins in the liquid phase ate verv high (see Tahie< ^ and o m 
iixamplc >i loi example, acetylene ronecniratioiis .»f |t; mol"., ean be ael::r\ed in iiie 
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acetylene rich aldehyde product at appropriate conditions This unsaturatcs-containing liquid 
stream (337) emerges from the bottom of the tower where it can be pumped as a liquid to 
substantially higher pressures for recycle to the oxo reactor (3 1 ) Once at higher pressure, the 
unsaturates-containing liquid stream can be heat exchanged (350) to recover any cooling value 
that it might contain. In this high pressure condition this heat exchange can be accomplished 
with a minimized concern that unsaturates such as acetylene will separate from the liquid to 
form a dangerous concentrated phase. Recovery of cooling value can also be employed on 
other cooled streams (335, 336) exiting the process. 

In a further variation on this scheme, the pressure of the oxo efllucnt (332) can be 
increased in pressure prior to the recovery process via a compressor (32) The pressure 
increase should not increase the partial pressure of the product aldehyde over its saturation 
limit in order to avoid compressor damage. Furthermore, the partial pressure of acetylene at 
the high pressure side should be lower than the safety limit of 0.2 MPa. The increased 
pressure typically should not be higher than 5 MPa in order to avoid excessive equipment 
cost Such a pressure increase results in an increase of the partial pressures of the components 
being separated: the product aldehyde and the unconverted C 2 to C 5 monounsaturates As a 
result of the higher partial pressures the flash tower 33. and scrubber 35 may be operated at 
higher temperatures thus potentially reducing the cooling cost of the separation Furthermore, 
increasing pressure can carry the added advantage of reducing tower sizes for gas treatina and 
separations The need and degree of this operational compression step is determined by 
economic and safety factors 

I his recycle and recovery process is entirely dillereni from thai described in US Patent 
3.455.0v I m several ways first. US Patent 3.-155.091 uses high boiling oxo side-products as 
scrubbing solvents, versus our preferred use of the primary oxo product Second. US Patent 
3,455.091 uses the scrubbing system to absorb for recovery purposes the primary-product 
aldehyde out of the unconverted oxo feed gases, versus our absorption for recvele to oxo of 
selected unconverted feed components out of other feed components This recycle and 
recovery process is also entirely dillereni from that described in US Patent 5. On 1 . 274 While 
US Patent 5,001.274 employs a ihodium catalyst stream to absorb for recvele selected 
unconverted feed components, the process described herein uses the liquid reaction product. 
A further diilercnce between the process of the present invention and the aforementioned 
prior an is that the processed stream is not the diluent of an olefin oxo unit but in fact the 
efllucnt of a dillereni oxo technology iii which olefins and alkvnes are co-converted The 
processed si i cam iheiefoie contains chemically tlilfeienl components - ('2 In <"s alkvnes - in 
high conccntiaiion the lieaimeui and ucoveiv of winch leqimes special piocess condition-; 
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and technology (safety) One of the most important features of the recovery-recycle process 
of the present invention is that it provides a solution for the safe recovery and recycle of those 
alkyncs. especially of acetylene. 

It should be noted that this recycle and recovery process may be used with processes 
other than the aforementioned and herein described hydroformylation/oxo processes. The 
recovery and recycle process disclosed herein may be used with other synthesis processes 
whose reaction products are usable as absorption solvents for unreacted gaseous feed 
components and which synthesis process is not harmed by the recycle of said products back to 
the synthesis reactor. For example certain implementations of Fischer-Tropsch ("FT") 
synthesis can be made to produce oxygenates as products and to consume olefins in the 
synthesis gas feed. In such an implementation, the FT oxygenate product can be used as 
described herein to recover and recycle unconverted olcfinic species back to the synthesis 
reactor. Another example is the variations of alcohol synthesis reactions that consume olef.ns 
in the synthesis gas feed and produce higher alcohol products These arc only examples and 
should not limit in any way the scope of application of the basic concept. 

The solvent applied in the unsaturates recovery-recycle process, as it is applied to 
hydroformylation of multicomponcnt syngas, is the recovered aldehyde product from the 
hydroformylaiion of multicomponcnt syngas containing: C 2 -C 5 monounsaturaics Use of the 
product aldehyde as a solvent presents several advantages the separation of the product 
aldehyde can be integrated into the unsaturates recmerv and tecycle process saving capital 
cost, ihcte is reduced need fo. purchased solvent and solvent make-up. and reduced product 
contamination and solvent/product separation problem. An integrated product separation and 
unsaturates recovery and iccycling scheme can offer fu.;hcr advantages relating to the need of 
use of refrigerant).! for the effective separatum of the product nhlehvdc Since both product 
separation and unsaturates recovery requi.es the applu.n.oii of Km . temperatures, the conhne 
energy can he efficiently utilized in an integrated procc-- such as disclosed hetein 

I'KOIHCr m Il.l/.ATION 

10 (',, aldehydes, which aie a doncd pioduc- of the hydiofonnyiaiion sumc ol the 
present invention, and paiticula.ly p.opanal. have uliiin as intermediates in the manufactu.e of 
many industrial commodity chemicals Thus, one p.eferred embodiment of the piesoni 
invention is its combination with subsujueni p.ocessing steps thai furthet enhances the value 
of the aldehyde pioduct 
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One preferred embodiment of the present invention is the combination of the 
hydroformylation of a nuiUicomponent syngas with hydrogenation of the aldehyde product of 
that hydroformylation to produce an alcohol product. Particularly preferred is the production 
of propanol by this means. An additional preferred embodiment of the present invention is the 
combination of the hydroformylation of a multicomponent syngas with the oxidation of the 
aldehyde product of that hydroformylation to produce an organic acid product. Particularly 
preferred is the production of propionic acid by this means. Hydrogenation and oxidation of 
the aldehyde to the aforementioned products may be carried out according to procedures 
known in the an. 

An additional preferred embodiment of the present invention is the combination of the 
hydroformylation of a multicomponent syngas with an aldol condensation .step. Aldol 
condensation is a conversion step that is well known in the an. In this reaction, two aldehydes 
arc joined such that the a-carbon of the first becomes attached to the carbonyl carbon of the 
second. The result is called an "aldol", which is a 0-hydroxy carbonyl compound. Typically, 
the aldol eliminates \ l 2 0 to yield an unsaturated aldehyde. The aldol condensation of two 
identical aldehydes is called "self-aldol", while the aldol condensation of two different 
aldehydes is called "cross-aldol". Additional preferred embodiments of this invention include 
the hydrogenation of so-produced aldols to saturated aldehydes, as well as saturated and 
unsaturated alcohols. An additional preferred embodiment of this invention is the oxidation of 
the saturated and unsaturated aldehydes derived from the aldol condensation to corresponding 
saturated and unsaturated acids 

Thus, an additional preferred embodiment of the piesent invention is the combination 
of the hydioformylalion of a multicomponent syngas with self-aldol of the produced aldehvde 
to produce an aldol dimer Particularly preferred is the production of 2-meihylpenicnal by 
this means. anJ the subsequent hydrogenation to 2-mcihylpentanal. and/or to 
2-mcihylpentanol. ;ts well as the oxidation of the 2-mcihylpcnianal 10 2- methvlpcntanoic 
acid 

An additional preferred embodiment of the piesent invention is production of 
inulii-methvlol alkanes via the cross aldol condensation of formaldehvde with of the aldehvdes 
produced by the hydroformylation of a multicomponent syngas A further preferred 
embodiment of the present invention is production of multi- mcthylol alkanes via cross aldol 
condensation of formaldehyde with the unsaturated or saturated (hyclrogenatcd) aldehvdes 
produced as alilol-dimei s of the aldehvdes piodmvd via hvdrofoi mvlation of a 
mullicoinpoiKiil svmias I vpuallv in tin* known an. ihe caihonvl ((* <>l v.intip in Mich a 
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cross-aldol product is chemically or caialytically reduced such that all the oxygen or the 
muhi-mcihylol alkanc is in the hydroxy! form. Particularly preferred arc the production of 
tiimclhylol ethane by this means (by cross-aldol of formaldehyde with propanal), and the 
production of 2,2 , -dimcthylol pentanc by this means (by cross-aldol of formaldehyde with 
2-mclhylpentanal). Conversion of aldehydes to the aforementioned products may be carried 
out according to procedures known in the art. 

Thus, the present invention includes a process for the manufacture of alcohols, 
wherein the aldehydes formed by the hydroformylation of a multicomponent syngas are 
hydrogenated to form the corresponding alcohols; a process for the manufacture of acids, 
wherein the aldehydes formed by the hydroformylation of a multicomponent syngas are 
oxidized to form the corresponding acids; a process for the manufacture of .aldol dimcrs, 
wherein the aldehydes formed by the hydroformylation of a multicomponent syngas arc sclf- 
aldolized to form the corresponding dimers; a process for the manufacture of saturated 
aldehydes, wherein those aldol dimcrs arc hydrogenated to corresponding saturated aldehydes, 
a process for the manufacture of unsaturated alcohols or acids, wherein the aldol-dimcrs are 
hydrogenated or oxidized to form the corresponding unsaturated alcohols or acids; a process 
for the manufacture of saturated alcohols, wherein tiie aldol-dimcrs are hydrogenated to form 
the corresponding saturated alcohols, a process for the manufacture of saturated alcohols or 
acids, wherein the saturated aldehydes produced via hydrogenation of the aldol-dimcrs are 
hydrogenated or oxidized to form the corresponding saturated alcohols or acids, a process for 
the manufacture of multi-methylol alkanes, u herein the aldehvdes formed by the 
hydroformylation of a multicomponent syngas are aldol-condensed with formaldehyde to form 
the corresponding multi-methylol alkanes. a process tin the manufacture of lnmeih\lol 
ethane, wherein propanal that is formed by the hydrol'oimylaiion of a multicomponent synuas 
is aldol condensed with formaldehyde to form the mmeihvlol ethane, and a process for the 
manufacture of muhi-mcihylol alkanes. wherein the aldol-dimeis and/01 the saturated 
aldehydes produced therefrom aie aldot-condcnscJ with formaldehyde to tin m the 
corresponding multi-methylol alkanes 

I his invention can be used 10 pioduce the propanal-eoniainmg composition thai is 
used for the production of aldehydes, alcohols, acids, and their derivatives, described in VAW 
95.300 JO J 9 and the PCT application based thereon, which are hcrebv incorporated bv 
reference 
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Experiments were carried out in an Autoclave Engineers' 300 ml stainless steel 
autoclave. The reactor was connected to a 500 ml high pressure buffer bomb through a 
regulator valve. Both the reactor and the buffer bomb were equipped with digital temperature 
and pressure gauges. The autoclave was also equipped with a temperature control unit, and a 
stirrer with speed control. The total and free volumes of the different parts of the apparatus 
were measured by gas volumetric method. 

Catalyst preparation 

The rhodium and phosphinc containing solutions were prepared in Vacuum 
Atmospheres dry boxes under nitrogen or argon The rhodium was charged either in the form 
of HRh(CO)(PPh3)3. or as Rh(CO)2(acac). where PPI13 is iriphcnylphosphinc, and acac is the 
acetylacctonato ligand. Rh(CO)2(acac) was purchased from Strem Chemicals and was used 
as received HRh(CO)(PPh3)3 was prepared from Rh(CO)?(acac) by literature method (G 
W. Parshall, Inorg. Synth 1974. 15, 59) Toluene was distilled from sodium benzophenone 
under nitrogen The weight of each component of the toluene solution was measured 
Mcthylcyclohcxane was used as an internal GC standard The solution was charged under 
How of nitrogen into the autoclave The unit then was flushed with syngas (Ib/CO = I) 
When the catalyst was prepared in silti ihc autoclave was pressurized to about 0 5 MPa at 
room temperature then it was healed up 10 100 °C, and was kepi at thai temperature for 
about 30 min Independent experiments demonstrated t lint under ihese conditions the 
rhodium looses the acac ligand by hydrogenation and the formed hvdridocarhonvl 
uiphcnylphosphino rhodium complcx(es) (I IRh(CO)\(PPIi3) v . x » y -J ) catalv/e 
hydroibrmylation without showing any induction period When IIRh(CC))(PPh3)3 was used 
as a Rh source no catalyst preforming was necessary 

I Jydrqlormybm « I 

The reactor containing the solution of the preformed catalyst was Hushed and 
piessurized with Gas Blend //I containing ethylene, ethane, acetylene, carbon dioxide, 
hydrogen, methane, carbon monoxide, and nitrogen (composition is given in Table 2) at room 
temperature The amount of gas loaded into the reactor was determined by g:is volumetric 
method The P/Rh ratio in this cxpnimeni was 9 3 The composition of ihc caialvsi charued 
is given 111 llie tooinole ol 'Table I he ieach»r vv;is healed 10 I 10 °(" and maintained :il 
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reaction icmpcraiuic lor iwo hoiais While ihc reacioi was at ihc reaction icmperaiuie a 
pressure drop indicated lhat reaction occurred Alia iwo hours at I 10 °C, when no further 
pressure drop was observed, the reactor was chilled to 15 °C, and gas and liquid samples 
were taken A mass balance was established for the charged materials based on gas 
chromatography (GC) analyses of the gas and liquid phases. The results are given in Table 2. 
In the liquid phase the only detected product of the reaction was identified by gas 
chromatography/mass spectrometry (GC/MS) as propanal. The propanal found in the liquid 
phase gave a 60 % conversion based on the total amount of ethylene and acetylene loaded into 
the reactor. Since the experiment was stopped when the oxo reaction ceased the catalyst 
clearly deactivated before higher conversions could have been achieved. Gas analysis of the 
final reaction mixture indicated that both unrcacted ethylene and acetylene were present at a 
ratio of acctylcne/cthylene of 3.4 at the point when the oxo conversion stopped . The analysis 
results showed that a parallel conversion of both ethylene and acetylene had occurred The 
final solution had a dark brown color which is associaied in the experiments disclosed herein 
with a decomposed catalyst 


Table 2 Hydroformylation of Multicomponent Syngas (Gas Blend- £ I ) at I 10 °C 


Compound 

x° (v.%) 

n° (mmol) 

j/(mmol) 

An (mmol) 

CoJl.j 

1 .020 

1 V 

0 5 

-1 A 

C 2 H 6 

U 105 

0 2 

02 

0 0 


2 910 

5-1 

1 7 

-3 7 

CO? 

1 65d 

• 

' 1 

: 4 

-0 7 

ll 2 

22 

•11 i. 


-It. 1 i 

CI l.j 

-1 oon 



-0 « 

CO 

1 1 12(1 

2U S 

: 1 > S 


N : 

55 S95 

1 I U 

| 1210 

i S (, 

• Prop:innl* 


- 

i -i -4 

iA A 

Total 

IQOOOd 

1 9s :< 

! 1 S4 O 

-17. 5 


Reaction conditions loluene W mi. meihyl cvclohexane ( unci n:il siandaul I'm GO u S ml 
Rh. S*i7 pinoles ( I 1 30 ppm), IMMi- S 3 mmoles. |> p l>J> kl'a (at 20 °( ). reaction lime 
at I10«C. 2 hrs 

Legend x° - initial gas concentration. n° - initial number of mmoies in the gas phase, n 1 
final number of mmoles in the uas phase. An - mole number change in the uas phase. 
Liquid (iC results 


SUBSTITUTE SHEET (RULE 26) 


WO 96/22266 


PCT/EP96/00268 


- 35 - 

l:\ample 2 

The apparatus, catalyst preparation method, and experimental procedures were the 
same as in Example 1. Gas Blend U2 t used in this experiment, contained ethylene, ethane, 
acetylene, carbon dioxide, hydrogen, methane, and carbon monoxide (the composition is given 
in Table 3). The reaction temperature was 100 °C, and the P/Rh ratio was 300 The 
composition of the catalyst solution is given in Table 3. After heating the reaction mixture to 
100 °C, a fast pressure drop in the autoclave was observed indicating that a gas consuming 
reaction took place. This pressure drop significantly slowed down after about 45 min reaction 
time when the reaction was stopped by cooling the reaction mixture to 15 °C. After cooling 
the system gas and liquid samples were taken, and analyzed by GC. The results are given in 
Table 3. The analyses of both the gas and liquid phases gave a higher conversion (88.5 %) at 
a 10 °C lower temperature, 14 times lower catalyst concentration, and in a 2.7 times shorter 
time than what was observed in Example 1. In addition, the color of the solution sample 
taken at the end of the experiment was bright orange yellow An orange yellow color in the 
herein discussed experiments is associated with an active catalyst system in the conversion of 
acetylene and ethylene containing multi-component syngas mixtures 


Table 3 . 1 lydroformylation of Multicomponcnt Syngas (Gas Blend til) ai 100 °C 


Compound 

x° (v. %) 

n° (mmol) 

n^ ( mmol) 

An (mmol) 

C 2 H 4 

9 91 

9 49 

0 77 

-S 72 

C 2 H«, 

3 26 

3 12 

1 iS9 

-1 43 

r 2 M : 

(> S.i 

<> 54 

1 OX 

-5 . a u> 

co : 

2 53 

"> .p 

i >i 

i 

-O 91 

M 2 

4S 27 

53.09 

| 17 17 

-5 °2 

CI l.i 

I 1 70 

1 1.21 

14 

-2 i»7 

CO 

17.50 

23 32 

1 S 65 

-14 o7 

Propan:il" 



| 14 20 

* 14 20 

Toi;il 

ioooo 

109 19 

1 SI 21 

-2-1 9S 


" Liquid CiC result 

Reaction conditions toluene (>0 ml. methyl cyclohcxanc (internal stamlarcl for (iC l *> S ml. 
Rh: 64.3 pinoles (1 10 ppm); PFhj 19 3 mmolcs; p° - S00 kPa (at 100 «C), reaction time 
at I00°C -15 min. 

Legend. x° initial gas concentration, n° - initial number of mmolcs in the gas phase, n* - 
final number of mmolcs in the gas phase. An : mole numhei change in the gas phase. 
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Example 7> 

This example demonstrates the effect of IVRh ratio on the hydroformylation of 
acetylene and ethylene containing MCS oxo feed streams. The preparation and loading 
procedures of the catalyst solutions were the same as in Example I. The solvent, 
tetraethylcne glycol dimethyl ether (tetraglyme), was degassed before use. It also served as an 
interna! standard in the GC analyses of the product liquid samples. The solution volume, and 
the total initial gas charge in each experiment was the same, 70 ml, and 95 mmolcs, 
respectively The apparatus was the same as in Example 1 except that a volume calibrated, 
high pressure injection bomb was mounted into the feed line after the high precision pressure 
regulator between the bufTer cylinder and the autoclave. This injection bomb was used to 
inject known amounts of cthylcne/acctylcnc mixtures into the autoclave The .ethylene, and 
acetylene charges in each experiment were around 15 4, and 6.4, respectively 

Batch kinetic experiments were carried out at constant I MPa total gauge pressure and 
120 °C As the reaction proceeded a constant pressure was maintained bv feedinu synuas 
(CO/H2 = I) from the volume calibrated high pressure buffer bomb through a high precision 
regulator valve, flic reaction was monitored by reading the pressures in the buffer (measured 
to an accuracy of I kPa) as a function of lime (recorded to an accuracy of I second) The 
overall conversions of ethylene and acetylene were determined after each run by GC analyses 
of the liquid and gas products The only two products of the reactions detected were 
propanal as major product and minor amounts of ethane. The overall conversion then was 
correlated to the total piessuie drop and the total g.is consumption in moles from the huffei 
bomb duiing the cxpeiimenl Reaction usies weie vaLulaied a>suming ;i hr-.-u eouclnimn 
between the piessuie drops and conversion C'ai;ilv>.: compositions ;md rouhx of se\en 
dilVeient expciiments are shown in "fable -5 
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T able 4, liH'cci of PPI13 Concentration on ihc Oxo Kcaclion Rate and on the Conversion of 

Acetylenc-liihylcnc Mixed l ; ccds 


PPh3 

Rh 

P/Rh 

Initial Rate 

Total C2 

(mmoles) 

(M moles) 


(mol/mol Rh/sec) 

Conversion (%) 

0.38 

37.8 

10 

0.02 

25 | 

1.17 

37.7 

31 

0.04 

80 

4.32 

37.7 

115 

0.1 

80 

S 45 

37.4 

226 

03 

so 

16.37 

37.6 

435 

0.9 

92 

23.40 

3S.0 

660 

2 1 

99 

30.93 

1S.S 

1644 

2 1 

99 • 


Solution Volume: 70ml, Ho/CO = 1; Total Pressure = I MPa; Initial Gas Charge 95 
mmoles total, 15.4 mmoles C2H4/6.4 mmoles C2IK balance CO and lb. rhodium 
concentration is 54 ppm and 27 ppm for 3S and 19 umoles. respectively 

Kinetic data in Table 4 demonstrate that the activity of the catalyst increases 
significantly by increasing the phosphine concentration The color of the final solutions were 
orange yellow, except for the run with PPhj/Rh ratio of 10, which was brown after 120 min 
reaction time This color variation indicates that a stable catalyst system is not present at a 
PPI13/RJ1 ratio of 10 in the hydroformylation of acetylene and ethylene containing multi- 
component syngas feeds Under the preferred PPhj/R.h ratios above 30, significant 
improvement in rate, conversion, and stability arc achieved 
Kxample 4 

The example demonstrates the effect of Ib/O) latio on alkene (ethvlene) 
hydroformylation in the presence of a cumulated dicne (allene) The preparation and loading 
procedures of catalyst solutions wcic the same as in l:\amplc I The experimental method 
and -the kinetic evaluation of experimental values were the same as in Example ?>. except that 
15 mmoles of ethylene was coinjected with 0 l?> mmoles of allene and with different amounts 
of hydrogen to adjust Ib/CO ratios in the autoclave The catalyst charge was IS S umoles of 
Rh (27 7 ppm). and S .» mmoles of PIMr; (!> I w %) m each experiment 

After injecting allcne-ethvlenc mixtures into the autoclave at 120 °C the reaction first 
proceeded at a very slow rate Gas analysis of the gas reaction mixture showed a slow build- 
up of propylene during this first slow stage of the reaction The hydroformylation of ethylene 
look place nnlv after essentially all (typically *)> to %) of the allene charged was convened 
The length of this fust phase of the leaction depended on the I \?f( '() latio (see Table M 
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TaMcJL The Effect ofib/CO Ratio on ihc Conversion Rate of Allcnc 



Time Required lo 

Reaction Rate 

H2/CO 

Convert Allene (min) 

(mol C3H4/1T10I Rh/min) 

1.0 

23 

0.30 

2.2 

17 

0.41 

7.7 

13 

0.53 

24.4 

5 

1.3S 


Solution Volume: 70ml; H 2 /CO = 1, Total Pressure = 1 MPa; Initial Gas Cha 
95 mmoles total, 15 mmoles C2H4. 0. 13 mmoles C3H4, balance CO and H 2 ; 
Rh = 27.7ppm; (PPh 3 ] = 3 1% 


Example * 

Gas solubilities were measured either by gas volumetric method using the same 
autoclave as in Example I or by >H NMR In the autoclave experiments the solvent was 
thoroughly degassed in the autoclave before the gas was charged without stirring After a 
short temperature equilibration the pressure and temperature in the autoclave was recorded 
and then the solvent was stirred until no further pressure drop could be observed From the 
known gas volume and pressure drop the a'mount of dissolved gas was calculated In the ! H 
NMR expenments either the solvent (propanal) or hexamethylbcnzene served as an internal 
standard The values obtained are listed m Table o 
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Tabic 6. l-xpciiincntally Determined Solubilities for Hydrogen, Carbon Monoxide, Methane, 
Ethylene, and Acetylene at 0. 1 MPa Partial Pressure 


Solute 

Solvent 

Temperature 
(°C) 

Xi x 10 4 

Ci 

(mmol/l). 

Method 

Hydrogen 

Tetraglyme* 

20 

5.1 

2.2 

autoclave 



100 

7.3 

3.0 

autoclave 


d^-Tolucnc 

22 

3.5 



NMR 

Carbon 

Tetraglyme* 

20 

11.3 

4.9 

autoclave 

monoxide 


100 

34.6 

14.2 

autoclave 

Methane 

Tetraglyme* 

20 

30.0 

13 7 

autoclave 



100 

63 0 

26 3 

autoclave 


Propanal 

22 

23 6 

32.7 

NMR 

Ethylene 

Tetraglyme* 

20 

134 0 

60.0 

autoclave 



100 

76 0 

326 

autoclave 


Propanal 

22 

115 0 

1 59 6 

NMR 

Acetylene 

Tetraglyme* 

20 

1224 0 

577 0 

i 

autoclave 



100 

242 0 

103 0 

autoclave 


Toluene 

20 

246 7 

220 6 

autoclave 



100 

178 0 

147 7 

autoclave 


Pronanal 

22 

402 0 

557 7 

NMR 


Legend: Xj : *- mol fraction of the gaseous component in the lic]iii(i phase. C, • molarity of the 

gaseous component in 1 he liquid phase 

Note • Tetraglyme containing 7 S w % IMMn 


The expeiiiiicntally determined (see Table 6) and literature values (see Tabic 7) relied 
high' solubilities of ethylene and acetylene in oxygenates, especially in propanal Thcic is a 
large difference in solubility between ethylene and acetvlene vs. all other major components of 
typical multicomponcnt syngas mixtures such as hydrogen, carbon monoxide, and methane li 
can also be seen that the solubility difference increases with decreasing temperature 
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T able 7. Gas .Solubilities in Oxyycnatc Solvents 


C* „ 1 . _ 

Solute 

Solvent 

Temperature 

Xj x I0 4 

Ci 

Rcf* 




(°C) 


(mmol/l) 


Hydrogen 

2-MethyIbutanaI 

30 

8.55 

— 

e i 


2-Methylbutanal 

100 

11.45 

— 

e 


Formaldehyde diethyl acetal 

30 

5.37 

5.07 

g 


Propionaldehyde 

100 

5.95 



k 


Methyl acetate 

18 

2 51 

3.30 

1 


Ethyl acetate 

18 

3 46 

3.S4 



1 -Propyl acetate 

18 

4 15 

3 99 

1 


2-Propyl acetate 

IS 

4.83 

4.64 

1 


1 -Butyl acetate 

IS 

4 29 

3 64 

1 


Methyl propanoate 

IS 

3.77 

4.19 

1 


Methyl butanoatc 

is 

4 67 

4 49 

. 1 


Ethylene glycol dimethyl 

1 00 

6 20 

5.32 

i 


ether 

1 00 

6/5S 

3 89 

V 


2-Ethylhcxanol-l 

IOci 

5.85 

3 4> 

\v 


2-Ethylhcxanol-l 

1 00 

5 97 


V 


2-Ethvlhcxanal-l 




i 

Carbon 

2-Mcthylbutanal 

? I *• 

10 96 


!: 

monoxide 

2-Mcthvlbutanal 

1 00 

1 3 93 



Methane 

l-ormaldehydc diethyl acetal 

\i) 

"^7 40 

35 :s 

1 , 


Propionaldchvdc 

! ( 't » 

! 20 on 

i 

j k 

Ethylene 

I : ormaldehvdc dicihvl acetyl 


1S5U0 

! 174 ?3 


Ethane 

Fonnaldehvdc dicihvl acetal 


| 214 (Mi 

1 201 s** 



Legend Xj *• mol fraction of the uascous component ihc liquid phase. C t - moiamv of ;he 
yaseous component in the liquid pha»e 
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w) li. Bi tinner Bcr. Bunsengcs. Phys. Chcm. 79, 83(7), 715. 
Example 6 

The preparation and loading procedures of catalyst solutions were the same as in 
Example I. The experimental method and the kinetic evaluation of experimental values were 
the same as in Example 3, except thai 15 mmoles of ethylene was coinjected with 0.13 
mmolcs of one of the following diencs or acetylenes: I,3-butadicne % allenc, propyne, and 
acetylene. The catalyst charge was 18 8 pmoles of Rh (27.7 ppm). and 8.3 mmoles of PPh3 
(3. 1 w.%) in each experiment. 

Gas analysis of the gas reaction mixtures indicated a parallel conversion of ethylene 
with 1,3-butadiene, propyne, and acetylene In the case of cthylenc-allcnc mixtures, however, 
the conversion of ethylene could only start after essentially all the allene injected had been 
hydrogenatcd to propylene, as disclosed in Example 4 The final reaction mixtures contained 
essentially propanal, ethane, and the hydrogenatcd product of the coinjected highly 
unsaturated component. Thus 1,3-buiadicnc yielded butencs, and allenc and propyne yielded 
propylene At 95 to 9S % ethylene conversion the typical conversions of 1,3-butadicnc. and 
propyne to the corresponding olefins were ca 60 % Since the hydrogcnaiion product of 
acetylene, is ethylene its intcrmediacv could not be detected in the hvdroformylation of 
cthylcne-aceiylcnc mixtures The observed reaction rates showed a different degree of 
inhibition on the oxo rale of ethylene by the highly unsaturated component Thus, the 
observed turnover frequencies in ethylene hvdroformylation with allenc. 1.3-butadiene. 
propyne. and acetylene as coinjected reaciants at 3V!„ ethylene conversion were 3. 5 5. 7. and 
9 mol propanal/mol Rli/sec, respectively 
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Lixnmplc 7 

Tins example demonstrates ihc effect thai small concentrations of acetylene have in 
stabilizing the rhodium catalyst against deaciivaiion The experiment involves iwo siaucs; an 
aging stage and a kinetic measurement stage The preparation and loading procedures of 
catalyst solutions were the same as in Example 3, except that the autoclave and buffer bomb 
volumes arc 500 and 325 ml, respectively 

For the aging stage of -the experiment, 300 ml of catalyst solution was charged, which 
solution contained 1400 mmol tctraglyme, 30 mmol triphcnylphosphinc, and 0.3 mmol 
rhodium (96 ppm). These solutions were heated to I40°C at 1 MPa and contacted with one 
of three gas streams, (a) syngas (H 2 /CO=l) alone, (b) syngas with 5 mol% ethylene, or (c) 
syngas with 0.51 mol% acetylene In cases (b) and (c). the gas stream flow was controlled so 
that the substrate concentration in the effluent was maintained at about 0 5 mol percent After 
aging times of 0 (initial solution). SO. NO. and 260 minutes, 30 ml samples of the catalyst 
solution were withdrawn and set aside 

For the kinetic measurement stage of the expenmcnt, 200 ml of catalyst solution was 
charged, which solutions were prepared using the 30 ml samples of the aging stage and addinu 
ictraglymc and triphcnylphosphine to make a solution containing 860 mmol tciraelyme. 3 5 
mmol triphenylphosphinc, and 0 02 mmol rhodium f M". ppm) The experimental method for 
the kinetic evaluation was the same as in [Example 3 ( I MPa. \2UX\ HVCO- I) except that 20 
mmoles of ethylene were coinjected with 3 mmoles of acetylene The rate (mols oxo 
second) was found to he first oidci in ethylene, an.! a late eonstani foi each kinetic 
experiment was calculated as mols *>\o per mol ethylene, per wppm Rh. pei second l or each 
atnnu cxpeiiment, rate constants weie then normalized as a pet cent of initial (zcio amnei 
catalyst activity 

A summary of the conditions ami results of these catalyst deactivation experiments is 
shown in Table S It is well known that catalyst deactivation is rapid under conditions wheie 
substrate (olefin, nlkvnc) is absent, and this is confirmed in experiment (a) wherein the activity 
drops 90°/o in 200 min at M0°C Olefin hydroformvlation is commonly run under conditions 
ol low pcr-pass conversion in oider to maintain substrate presence to mitigate this 
deactivation Experiment (b) confnms that olefin presence reduces deactivation (now only 
50% after 260 min). but also dcmonstiates that under the high conversion conditions that 
would be lellected in a • 0 > mol".. exit concent ration considerable deaciivaiion occuis In 
contrast, expemnent (cj lieinmi ir..:'. low ( • mol"..) concent laimsr. i»l * acci\ U ne 
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dramatically reduce the dcaciivaiion (now only 5% after 260 min). Such a preservation of 
catalyst activity enables operation at higher pcr-pass conversion as well as higher 
temperatures 


Table S. Catalyst Deactivation versus Substrate Presence 



(a) 

(b) 

(c) 


Svncas Alone 

Ethylene 

Aceivlcne 

Aging Stage Conditions 




Gas Rate (nL/min) 

10 

4.5 

4.2 

Effluent Composition 




Ethylene, mol% 

0.00 

0.22 - 1 10 

001 

Acetylene, mol% 

000 

0 00 

0 -U> 

Propanal. moI% 

0 00 

3 -10 - A 20 

0 02 

Kinetic Rate Constant (% of initial) for samples withdrawn from A« 

in» Staue 

Time of Sample 




0 min (initial solution) 

100% 

100% 

100% 

80 min 

•12 % 

SJ % 

• 90% 

140 min 

o * 

_ _ . n 

w % 

05 % 

2W min 

1 

1 

■»■> 

95% 


l:\ample S 


I his example demonstrates the continuous hydroformvlaiion of mixtures of olefin and 
cumulated dicne, more spccificallv of ethylene and aliene Experiments were performed m a 
5<JUcc Autoclave Engineers ZippetcLi\e si:iinlcss steel autoclave The autoclave was 
equipped with a continuous gas Iced svstem. with back piessuie control, and with izaseotis 
Iced and piodtict characteiization via gas chiomatographv Catalyst solution was prepared bv 
mixing unde: nitrogen 210 g of leiiaelvmc. 15 K g of triphenylphosphine, and XS mu of 
rhodium (added as Rh(CO)2(acac). where acac is the aceiylacetonato ligand). This 
corresponds to 39 wppm of Rh, and a IVRh ratio of 700 Catalyst solution was transfened 
into the autoclave under nitrogen, the autoclave purged with nitrogen, and then uas flows 
commenced as indicated in fable «» Piessuie then built up to the 1000 kPa (abs) seilinu of 
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the back picssuic control, sif ici which the autoclave and contents weie healed to C >U"(* 
reaction temperature Gas samples were taken after at least 20 hours of continuous reaction 


Table 9 Continuous Hydroformylation of fithylcnc and Allenc 





Gas Flow Rates (ml/min) 



CO 

250 

250 

■t- 

1270 

1270 

CH 4 

400 

400 

Ethylene 

78 

78 

Allene 

0.02 

0 042 

Observed Conversion 



Ethylene 

>(>% 

55° « 

Allene 

>95% 

89% 


As shown in Table 9, ethylene and allene were simultaneously convened at these 
hydroformylation conditions In keeping with the Ihl'Ii pjoportion of ethylene to allene. the 
products of these runs were piedominantly propanai However, hulanal was observed as 
reaction product 
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WHAT IS CLAIMED IS: 

1 . A process for the production of C3 to C6 aldehydes comprising 
hydroformylating a mixture containing: 

(i) C2 to C5 olefins and mixtures thereof 
and 

(ii) C2 to C5 alkynes and mixtures thereof 
and optionally 

(iii) cumulated dienes 

by reaction with CO and H2 in the presence of a solution of a rhodium 
organophosphorus complex catalyst at a concentration of rhodium in solution 
of from 1 to 1000 ppm by weight. 

2 A process for the production of C3 to Cq aldehydes comprising 
hydroformylating a mixture containing: 

(i) C2 to C5 olefins and mixtures thereof 
and 

(ii) C2 to C5 alkynes and mixtures thereof 
and optionally 

(iii) cumulated dienes 

by reaction with CO and Ho in the presence of a solution of a rhodium 
organophosphorus complex catalyst at a concentration of rhodium in solution 
vyherein the ratio of phosphorus to rhodium is greater than 30 

3. A process for the production of C3 to C5 aldehydes comprising 
hydroformylating a mixture containing: 

(i) C2 to C5 olefins and mixtures thereof 
and 

(ii) C2 to C5 alkynes and mixtures thereof 
and optionally 

(iii) cumulated dic?ncs 
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by reaction with CO and H2 in the presence of a solution of a rhodium 
organophosphorus complex catalyst wherein the catalyst solution has a P/Rh 
ratio greater than the value Rj_ wherein: 


(30-RB)>1Q(P Ka TPP-P Ka L) 


RL = RB e (AS B /R) 

wherein Rg is the P/Rh ratio sufficient for a catalytically active Rh complex, 
kPajpp is the pKa value for triphenylphosphine, pKaL is the pKa value for 
the triorganophosphorus compound, R is the gas constant, and ASg is 
35(N-1) cal/mole °K, wherein N is the number of P-Rh attachments per ligand 
molecule, to. product the corresponding C3 to Cs aldehydes. 

4. A process according to claim 1 or claim 3 in which the ratio of phosphorus to 
rhodium is greater than 30. 

5. A process according to any of the preceding claims in which the 
organophosphorus compound is triorganophosphorus 

6. A process according to any of the precedmc claims in which the rhodium 
organophosphorus complex is oil soluble 

7. A process according to any of the preceding claims in which the rhodium is 
low valence 

8. A process according to any of the preceding claims in which the feed is 
multicomponenl syngas 

9 A process according to any of the precedmc: claims in which the 
hydroformylation is performed at a tempcrat-.rc above SOX 

10. A process according to any of the preceding claims in which on average the 
mixture is in contact with the catalyst for no longer than four hours 

11. A process according to any of the preceding claims in which a total 
concentratron of coordinalivcJv nclivo P of ; : : nhoui 0 01 mol/l is usod 
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12. A process according to any of the preceding claims in which a ratio of [P]/p co 
of at least 0.1 mmol/l/kPa, where [P] is the total concentration of 
coordinatively active phosphorus in the solution, and P co is the partial 
pressure of CO is employed. 

13. A process of any of the preceding claims wherein the olefin is essentially 
ethylene, and the alkyne is essentially acetylene. 

14. A process according any of the preceding claims in which the mixture also 
contains dienes. 

15. A process of any of the preceding claims wherein the partial pressure ratio of 
H2/CO is from 1 to 100, the partial pressure ratio of CO/monounsaturates is 
from 0.5 to 100, and of H2/monounsaturates is from 0.5 to 100: 

16. The process of any of the preceding claims wherein the oil soluble 
triorganophosphorous ligand is selected from the group consisting of oil 
soluble triarylphosphines, trialkylphosphines, alkyl-diaryl phosphines, aryl- 
dialkylphosphines. trialkylphosphites, and triarylphosphites having at least 
one phosphorus atom per molecule. 

17. The process of any of the preceding claims wherein the reaction temperature 
is from 80°C to 180X. the total pressure from about 0 05 to about 5 MPa.the 
partial pressure of carbon monoxide up to 50 mol % of the total pressure, the 
mole % of H2 is from 1 to 98 mole %. and mol % of ethylene and acetylene 
each alone and in combination is from 0 1 to 35 mol % 

18. The process of any of the preceding claims in which the molar ratio of olefin 
to alkyne is at least 2 

19. The process of any of the preceding claims wherein the contacting is carried 
out m at least two reactor stages 

20. The process of claim 19 wherein the first stage is optimized at conditions for 
conversion of olefins in tne presence of alkynes. and the second stage is 
optimized at hydroqcnation conditions for conversion of alkynos to olefins 
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21 . A process for recovering unreacted unsaturated hydrocarbons from an 
effluent stream of a process according to any of the preceding claims, 
comprising: 

(a) absorbing the unreacted unsaturated hydrocarbons and the 
oxygenated hydrocarbons of the synthesis process effluent stream in a 
solvent wherein said solvent is an unsaturates-depleted stream of the 
oxygenated product of said synthesis process; and 

(b) stripping the unsaturated hydrocarbons from the solvent to produce a 
first stream concentrated in unsaturates and a second stream of 
oxygenated product depleted in unsaturates, wherein said 
unsaturates-depleted stream is the absorption solvent and the 
synthesis process product 

22. The process of claim 21 wherein the absorbing is carried out at a temperature 
between -100X and +100°C. 

23. A process for recovering unreacted unsaturated hydrocarbons from an 
effluent stream of a process according to any of claims 1 to 20. comprising 

(a) partially condensing the effluent of the synthesis process to produce a 
liquid condensate enriched in the oxygenated product anc a gaseous 
stream enriched in the low boiling caseous components. 

(b) stripping the liquid condensate with an essentially unsaturaies-free 
gas to produce an unsaturates-free oxygenated product and a 
gaseous stream enriched in unsaturates and low boiling gaseous 
components, 

(c) combining the gaseous streams from step (a) and step (b) and cooling 
the combined stream. 

(d) treating the combined stream from step (c) in an absorber having 
reflux of saturated hydrocarbon species at the top, to produce an 
overhead stream containing the low boiling gaseous components and 
substantially tree ol synthesis process product and unsaturated 
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hydrocarbon, and a bottoms steam of synthesis process product 
containing concentrated absorbed unsaturated hydrocarbon; and 

(e) recycling said bottoms streams to the synthesis reactor. 

24. The process of claim 23 wherein the bottoms stream of step (e) is pumped to 
high pressure and heat exchanged with the combined stream from step (c) to 
recover the cooling value. 

25. -The process of claim 23 or claim 24 wherein the treating of step (dj is carried 

out at a temperature between -100X and +100°C. 

26. A process for the preparation of a feed stream useful in the process of any of 
claims 1 to 25 comprising preferentially removing a variable amount of 
alkynes and multiunsaturates from a gas stream containing at least hydrogen, 
olefins, alkynes, and multiunsaturates comprising contacting the gas stream 
with a metal complex-containing stream at a rate sufficient to form adducts of 
the alkynes and multiunsaturates to be removed, and removing a stream 
containing the alkyne and multiunsaturate adducts of the metal complex. 

27. A process according to claim 26 in which the metal complex stream is a liquid 
or a slurry. 

28. The process of claim 26 or claim 27 wherein the metal complex is an oil- 
soluble rhodium complex containing a tnorganophosphorous hgand selected 
from the group consisting of triarylphosphmes. tralkylphosphmes, alkyl-diaryl 
phosphines, aryl-dialkylphosphines, tnalkylphosphites and tnarylphosphites 
containing at least one phosphorus atom per molecule, 

29 The process of claims 26 to 28 wherein the multiunsaturates are selected 
from the group consisting of C3-C5 conjugated and cumulated dienes, 

0 diynes, and enynes, the alkynes are selected from the group consisting of 

C2-C5 alkynes, and the olefins are selected from the group consisting of C2- 
C5 olefins. 

30 The process of claim 29 wherein the qns stream is a multicomponent syngas 
mixture iurther comprising one or more ot the poses selected from the group 
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consisting of CO, CO2, C-1-C5 alkanes, C-1-C5 oxygenated hydrocarbons, 
nitrogen, water vapor, helium, and argon. 

31 . The process of any of claims 26 to 30 further comprising a separate 
regeneration step wherein the removed alkyne and multiunsaturate adducts 
of the metal complex are contacted with a hydrogen-rich, CO-depleted gas to 
form hydrogenated alkynes and multiunsaturates and a stream of 
regenerated, multiunsaturates-free metal complex. 

32. The process of claim 31 wherein the regeneration step contacting is carried 
out at a H2/CO partial pressure ratio of at least about 10, a total pressure of 
from about 0.1 to 50 MPa and a temperature of from about 50 to about 
180°C. 

33. The process of any of claims 26 to 32 wherein the metal complex containing 
stream is introduced at a rate sufficient to form adducts of the 
multiunsaturates without forming adducts of the alkynes. 

34. A process comprising hydrogenating the aldehyde produced according to any 
of the preceding claims to form the corresponding alcohol. 

35. A process comprising oxidizing the aldehyde produced according to any of 
the preceding claims to form the corresponding acid. 

36 A process comprising aldolizing the aldehyde produced according to any of 
the preceding claims to form the corresponding aldol dimer. 

37 A process according to claim 36 further comprising hydrogenating the aldol 
dimer to form a saturated aldehyde or saturated alcohol. 

38. The process according to ctaim 36 further comprising oxidizing the aldol 
dimer to form the corresponding unsaturated acid. 

39. A process comprising oxidizing the saturated aldehyde produced according to 
claim 37 to form the corresponding saturated acid. 

40. A process comprising aldol condensing the aldehyde produced according to 
any of the preceding claims with formaldehyde to form multi-methylol alkanes. 
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41 . The process of claim 40 wherein the aldehyde is propanal and the multi- 
methylol alkane is trimethylol ethane. 

42. A process comprising further aldol condensing the aldol dimer of claim 36 
with formaldehyde to form the corresponding multi-methylol alkane. 

43. A process comprising further aldol condensing the saturated aldehyde of 
claim 37 with formaldehyde to form the corresponding multi-methylol alkane. 
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